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INTRODUCTION 

The  growth  of  new  capillaries  from  pre-existing  vessels,  named  angiogenesis,  contributes 
to  the  development  and  progression  of  a  variety  of  physio-pathological  conditions,  as 
malignant  tumor  growth  and  metastasis  (Folkman,  1992;  Weinstat-Saslow,  D.  and  Steeg, 
P.S,  1994,  Folkman,  1995).  In  the  absence  of  angiogenesis,  local  tumor  expansion  is 
suppressed  at  a  few  millimeters  and  cells  lack  routes  for  distant  hematogenous  spread. 
Clinical  studies  have  demonstrated  that  the  degree  of  angiogenesis  is  correlated  with  the 
malignant  potential  of  several  cancers,  including  breast  cancer  and  malignant  melanoma 
(Horak  et  al.,  1992;  Carrau  et  al.,  1995;  Meitar  et  al.,  1996;  Takebayashi  et  al.,  1996  Sung 
et  al.,  1998). 

Although  cell  surface  receptors  of  the  integrin  family  were  initially  characterized  for  their 
contribution  to  cell  adhesion  and  migration  (Hynes,  1992),  recent  report  suggest  their 
contribution  to  cancer  progression  by  mediating  cellular  functions  such  as  tumor  cell 
proliferation,  invasion,  survival  and  apoptosis  (Hynes,  1999;  Giancotti  and  Ruoslahti, 
1999;  Pariese  et  al.,  2000,  Elicieri  and  Cheresh,  2001) 

Vascular  integrins  such  as  ocv(53  and  avP5  are  selectively  expressed  in  angiogenic 
vasculature  but  they  are  not  expressed  in  normal  vasculature  (Brooks  et  al.,  1994;  Drake 
et  al.,  1995;  Clark  et  al.,  1995;  Pasqualini  et  al.,  1997;  Arap  et  al.,  1998).  Moreover,  av 
integrin  antagonists  have  been  shown  to  block  the  growth  of  neovessels  (Brooks  et  al., 
1994a,  1994b,  1995,  1997;  Hammes  et  al.,  1996);  in  these  experiments,  endothelial  cell 
apoptosis  was  identified  as  the  explanation  for  the  inhibition  of  angiogenesis  (Brooks  et 
al.,  1994a,  b,  1995;  Varner  et  al.,  1995).  Even  though,  both  avP3  and  avP5  integrins 
bind  to  vitronectin,  they  probably  mediate  different  post-ligand  binding  events.  For 
instance,  in  the  absence  of  exogenous  soluble  factors,  the  integrin  avB5  fails  to  promote 
cell  adhesion,  spreading,  migration,  and  angiogenesis.  On  the  other  hand,  the  avp3 
integrin  can  induce  such  events  without  additional  stimulation  by  cytokines  (Klemke  et 
al.,  1994;  Lewis  et  al.,  1996;  Friedlander  et  al.,  1995). 

The  uses  of  phage  libraries  have  provided  a  rapid  means  to  identify  extracellular  integrin 
ligands  (Koivunen  et  al,  1999).  The  large  molecular  diversity  represented  in  phage 
peptide  libraries  facilitates  the  identification  of  motifs  that  map  to  protein  interaction  sites 
(Kolonin  et  al.,  2001;  Giordano  et  al.,  2001).  For  example,  RGD-containing  peptides 
with  high  affinity  for  av  integrins  have  been  isolated  by  phage  display  and  shown  to  be 
useful  tools  for  targeting  tumor  vasculature  in  vivo  (Koivunen  et  al.,  1995;  Pasqualini  et 
al,  1997;  Zetter,  1997). 

Cellular  control  of  the  adhesive  interactions  and  their  translation  into  dynamic  cellular 
responses,  such  as  cell  spreading  or  migration,  requires  the  integrin  cytoplasmic  tails.  The 
diverse  cytoplasmic  domain  sequences  within  the  various  integrin  subunits  are  critical  for 
integrin-mediated  signaling  into  the  cell  (outside-in  signaling)  and  for  activation  of  ligand 
binding  affinity  (inside-out  signaling)  (Clark  and  Brugge,  1995;  Clark  and  Hynes,  1997; 
Howe  et  al.,  1998;  Schlaepfer  and  Hunter,  1998).  Often,  it  is  the  association  of  specific 
molecules  with  integrin  cytoplasmic  domains  that  initiates  signal  transduction  cascades 
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(Schwartz  et  al.,  1995;  Shattil  and  Ginsberg,  1997;  Schlaepfer  and  Hunter,  1998;  Liu  et 
al.,  2000;  Aplin  and  Juliano,  2001).  Expression  of  chimeric  integrins  showed  that  the 
cytoplasmic  domains  of  the  integrin  P  subunits  are  critical  for  integrin-mediated  signaling 
into  the  cell  (outside-in  signaling)  and  activation  of  integrin-ligand  binding  affinity 
(inside-out  signaling;  Hynes,  1992;  Schwartz  et  al.,  1995;  Lafrenie  and  Yamada,  1996; 
Shattil  and  Ginsberg,  1997). 

Only  a  limited  number  of  proteins  that  bind  to  integrin  cytoplasmic  domains  have  been 
identified.  These  proteins,  such  as  paxillin  and  ICAP-1,  mainly  associate  with  the  pi 
chain  (reviewed  in  Shattil  and  Ginsberg,  1997).  Cytohesin-1  and  filamin  associate  with 
the  cytoplasmic  domain  of  p2  (Kolanus  et  al.,  1996;  Sharma  et  al.,  1995). 

The  P5  cytoplasmic  domain  has  been  reported  to  control  cell  migration  and  proliferation 
(Pasqualini  and  Hemler,  1994;  Klemke  et  al.  1994;  Clark  and  Hynes,  1997).  In  addition, 
it  has  also  been  reported  that  the  control  of  avP5  -dependent  cell  migration  and  tube 
formation  of  endothelial  cells  is  through  a  pathway  regulated  by  PKC  (Tang  et  al.,  1999). 
However,  avP5-dependent  mechanisms  for  cytoplasmic  domain  control  of  cell  signaling 
are  not  well  understood.  Theta-associated  protein  20  (TAP  20),  a  cytoplasmic  protein 
related  to  endonexin,  is  a  key  player  in  this  process  and  associates  with  the  p5 
cytoplasmic.  Unlike  cytoskeletal  proteins  such  as  talin  or  the  cytosolic  protein  receptor 
for  activated  protein  kinase  C  (RACK.1 ;  Mochly-Rosen  et  al.,  1995;  Liliental  and  Chang, 
1998),  which  associate  with  the  cytoplasmic  domains  of  several  integrin  P  subunits,  TAP 
20  is  the  only  protein  known  to  interact  exclusively  with  the  P5  cytoplasmic  domain. 

To  gain  insight  into  the  mechanisms  regulating  avP5  signaling,  we  sought  to  identify 
molecules  that  specifically  interact  with  the  cytoplasmic  domain  of  p5  by  screening  a 
random  peptide  library  using  phage  display.  The  extraordinary  molecular  diversity 
represented  in  phage  display  libraries  facilitates  identification  of  motifs  that  mimic 
protein  interaction  sites  (Kallen  et  al.,  2000;  Kolonin  et  al.,  2001;  Giordano  et  al.,  2001). 
Because  peptides  that  bind  to  the  P5  cytoplasmic  domain  probably  mimic  the  effects  of 
avp5  -associated  molecules,  we  hypothesized  that  such  peptides  could  interfere  with 
avP5  -mediated  cell  functions  upon  cell  internalization. 

In  summary,  our  proposed  studies  are  likely  to  contribute  to  a  better  understanding  of  the 
biochemical  mechanisms  that  are  related  to  the  integrin-mediated  signaling  events 
involved  in  controlling  tumor  growth  and  angiogenesis.  These  processes  involve  cell 
adhesion  to  the  extracellular  matrix  and  integrin-mediated  signaling.  Thus,  the  work 
proposed  here  may  lead  to  novel  therapeutic  approaches  in  diseases  such  as  cancer, 
rheumatoid  arthritis,  and  retinopathies. 

PROPOSAL  BODY 

The  tasks  originally  approved  for  this  proposal  are  listed  below. 
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1.  To  select  peptides  that  bind  specifically  to  (33  or  to  (35  integrin  cytoplasmic 
domains. 

2.  To  investigate  whether  phosphorylation  events  can  modulate  the  interaction  of 
the  selected  peptides  with  integrin  cytoplasmic  domains 

3.  To  determine  the  biological  properties  of  the  cytoplasmic  domain-binding 
peptides 

In  this  final  report,  we  show  that  we  had  successfully  isolated  peptides  that  bind 
specifically  to  p3  or  P5  cytoplasmic  domains.  We  provide  functional  data  that  strongly 
support  the  notion  that  our  isolated  peptides  affect  integrin  function  in  a  selective, 
specific  and  dose-dependent  fashion.  We  demonstrate  that  phage  display  is  a  powerful 
tool  that  not  only  can  be  use  to  identify  sequences  that  specifically  bind  the  target  protein, 
but  it  can  also  be  used,  with  a  combination  of  protein  purification,  to  identify  the  protein 
that  contains  the  sequence.  We  also  determined  biological  properties  of  the  cytoplasmic- 
binding  peptide.  Our  findings  are  likely  to  contribute  to  a  better  understanding  of  the 
biochemical  mechanisms  that  are  related  to  the  integrin-mediated  signaling  events 
involved  in  controlling  tumor  growth  and  angiogenesis. 


Phage  display  library  screenings  produce  peptides  that  interact  selectively  with  integrin 
cytoplasmic  domains 


Panning  of  phage  peptide  libraries  on  P3  or  P5  cytoplasmic  domains. 

We  have  isolated  (33  (Figure  1 )  and  (35  cytoplasmic  domain-binding  peptides  (Figure  2), 
by  screening  multiple  phage  libraries  with  recombinant  GST  fusion  proteins  that  contain 
either  GST-(33cyto  or  GST-(35cyto  coated  onto  microtiter  wells.  Immobilized  GST  was 
used  as  a  negative  control  for  enrichment  during  the  panning  on  each  cytoplasmic 
domain.  Phage  were  sequenced  from  randomly  selected  clones  after  three  rounds  of 
panning  as  described  elsewhere  (Koivunen  et  al.,  1994,  1995;  Pasqualini  et  al.,  1995). 
We  successfully  isolated  distinct  sequences  that  interact  specifically  with  the  133  or  with 
the  (35  cytoplasmic  domains  (Figure  3A  and  3B). 
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Figure  1.  Binding  of  (33 
cytoplasmic  domain-selected 
phage  to  immobilized  proteins. 

GST  fusion  proteins  or  GST  alone 
were  coated  on  microtiter  wells  at 
10  pg/ml  and  used  to  bind  phage 
expressing  the  peptides  (each 
phage  is  identified  by  the  peptide 
sequence  it  displays,  i.e. 
GLDTYRGSP;  YDWWYPWSW; 
CLRQSYSNC;  SDNRYIGSW; 
CEQRQTQEGC;  CFQNRC).  The 
data  represent  the  mean  colony 
counts  from  triplicate  wells,  with 
standard  error  less  than  10%  of 
the  mean. 
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Figure  2.  Binding  of  [35 
cytoplasmic  domain- 
selected  phage  to 
immobilized  proteins. 

GST  fusion  proteins  or 
GST  alone  were  coated  on 
microtiter  wells  at  10  pg/ml 
and  used  to  bind  each 
phage  expressing  the 
peptides  shown  in  Table  3 
(each  phage  is  identified 
by  the  peptide  sequence  it 
displays).  (A) 
VVISYSMPD;  (B) 
KQFSYRYLL;  (C) 
CYIWPDSGLC;  (D) 
CEPYWDGWFC  (E) 
DEEGYYMMR.  The  data 
represent  the  mean  colony 
counts  from  triplicate  wells, 
with  standard  error  less 
than  10%  of  the  mean. 


Figure  3A.  Binding  of  (33  cytoplasmic  domain- 
selected  phage  to  pi,  p3  and  p5  immobilized 
proteins.  GST  fusion  proteins  or  GST  alone 
were  coated  on  microtiter  wells  at  10  pg/ml  and 
used  to  bind  each  phage  expressing  the  peptides 
shown  in  Table  3  (each  phage  is  identified  by  the 
peptide  sequence  it  displays).  The  data 
represent  the  mean  colony  counts  from  triplicate 
wells  with  standard  error  less  than10%  of  the 
mean.  Fd-tet  insertless  phage  was  used  as  a 
negative  control. 

Figure  3B.  Binding  of  P5  cytoplasmic  domain- 
selected  phage  to  pi,  p3  and  p5  immobilized 
proteins.  GST  fusion  proteins  or  GST  alone 
were  coated  on  microtiter  wells  at  10  pg/ml  and 


A)  CEQRQTQEGC 


B)  GLDTYRGSP 


C)  SDNRYIGSW 
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used  to  bind  each  phage  expressing  the  peptides 
shown  in  Table  3  (each  phage  is  identified  by  the 
peptide  sequence  it  displays).  The  data 
represent  the  mean  colony  counts  from  triplicate 
wells,  with  standard  error  less  than  10%  of  the 
mean.  Fd-tet  insertless  phage  was  used  as  a 
negative  control. 

Characterization  of  the  synthetic 
peptides  corresponding  to  the 
sequences  displayed  by  the  integrin- 
cytoplasmic  domain-binding  phage 

We  selected  specific  phage  for  further 
studies  on  the  basis  of  their  binding 
properties.  We  used  synthetic  peptides 
corresponding  to  the  sequence  displayed 
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by  the  phage  to  perform  inhibitory  studies  (Figure  4A  and  B).  This  assay  is  important 
because  it  determines  whether  phage  binding  is  entirely  mediated  by  the  peptide 
displayed  by  the  phage.  As  expected,  we  found  that  the  synthetic  peptides  can  inhibit  the 
binding  of  the  corresponding  phage  in  a  dose-dependent  manner.  A  control  peptide 
containing  unrelated  amino  acids  had  no  effect  on  phage  binding  when  tested  at  identical 
concentrations. 


Figure  4A.  Binding 
of  the  cytoplasmic- 
domain  binding 
phage  to  |33 
immobilized  protein 
and  inhibition  with 
the  synthetic  peptide. 
Phage  were  incubated 
on  wells  coated  with 
GST-fl3cyto  in  the 
presence  of  increasing 
concentrations  of  the 
corresponding 
synthetic  peptide  or  a 
control  peptide.  The 
data  represent  the 
mean  colony  counts 
from  triplicate  wells, 
with  standard  error 
less  than  10%  of  the  mean. 
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Figure  4B.  Binding  of 
the  cytoplasmic-domain  binding  phage 
to  p5  immobilized  protein  and  inhibition 
with  the  synthetic  peptide.  Phage  were 
incubated  on  wells  coated  with  GST-p5cyto  in 
the  presence  of  increasing  concentrations  of  the 
corresponding  synthetic  peptide  or  a  control  peptide. 
The  data  represent  the  mean  colony  counts  from 
triplicate  wells,  with  standard  error  less  than  10% 
of  the  mean. 


VVISYSMPD 


A  selective  (35  domain  binding  peptide  identified  by  Phage  Display 

Because  events  involving  tyrosine  phosphorylation  of  key  molecules  are  essential  during 
the  signal  transduction  of  integrins  (Jenkins  et  al.,  1998;  Lin  et  al.,  1997)  we  used 
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recombinant  fusion  protein  containing  p5  cytoplasmic  domain  for  panning  of  phage 
libraries  displaying  tyrosine-containing  peptides.  We  isolated  (55  cytoplasmic  domain¬ 
binding  peptides  by  screening  a  phage  library  displaying  the  motif  X4YX4  (where  X  is 
any  amino  acid  and  Y  is  a  tyrosine)  with  an  immobilized  recombinant  fusion  protein 
containing  the  (3  5 -cytoplasmic  domain.  Immobilized  glutathione-S-transferase  (GST) 
and  bovine  serum  albumin  (BSA)  were  used  as  negative  controls.  After  three  rounds  of 
selection  with  a  significant  enrichment  for  phage  binding  to  p5,  fusion  protein  peptides 
inserts  from  randomly  selected  P5-bound  phage  were  sequenced.  The  most  common 
motif  (VVISYSMPD)  was  characterized  further.  To  determine  the  specificity  of  its 
interaction  with  the  P5  cytoplasmic  domain,  phage  displaying  the  VVISYSMPD  peptide 
was  tested  for  binding  to  GST-Pl,  -P3,  or  -P5  cytoplasmic  domain  fusion  proteins.  As 
shown  in  (Figure  3B),  the  VVISYSMPD  phage  interacted  only  with  GST-P5  and  not  with 
GST-P 1  and  GST-P3.  Phage  lacking  a  peptide  insert  (Fd-tet)  did  not  bind  to  any  of  the 
three  immobilized  fusion  proteins.  To  determine  whether  binding  of  VVISYSMPD- 
displaying  phage  was  mediated  by  peptide  sequence  alone,  we  synthesized  VVISYSMPD 
peptide  and  assayed  its  ability  to  inhibit  phage  binding.  As  expected,  VVISYSMPD 
peptide  inhibited  binding  of  the  corresponding  phage  in  a  dose-dependent  manner.  A 
control  peptide  with  an  unrelated  sequence  had  no  effect  on  phage  binding.  As  additional 
negative  controls,  we  engineered  phage  to  display  three  scrambled  versions  of  the 
VVISYSMPD  sequence  (ISYVMDSVP,  VISVYPDMS,  and  ISDPYVVSM).  We  clearly 
show  that  these  peptides  do  not  bind  to  GST-P  1,  -(53,  or  -P5  (Figure  5).  Thus,  we  showed 
that  the  VVISYSMPD  peptide  binds  to  the  cytoplasmic  domain  of  the  p5  integrin  and 
that  the  interaction  is  specific. 
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Figure  5.  Phage  displaying  scramble  sequence  of  WISYSMPD  peptide  did  not  bind  specifically  to 
the  ^5  Integrin  Cytoplasmic  Domain.  Integrin  cytoplasmic  domain  GST  fusion  proteins  or  GST  alone  were 
coated  on  microtiter  wells  at  10  pg/ml  and  incubated  with  f(5  cytoplasmic  domain-binding  phage 
(VVISYSMPD)  or  the  scramble  sequences  (ISYVMDSVP,  VISVYPDMS,  and  ISDPYVVSM).  Fd-tet 
(insertless)  phage  were  used  as  a  negative  control. 


Phosphorylation  events  modulate  the  interaction  of  the  selected  peptides  with 
cytoplasmic  domains 

Events  involving  phosphorylation  are  important  in  regulating  signal  transduction.  We 
used  the  phage  display  system  to  evaluate  the  effect  of  tyrosine  phosphorylation  at  two 
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levels:  (i)  recombinant  fusion  proteins  containing  (33  or  (35  cytoplasmic  domains  were 
used  for  panning  of  phage  libraries  displaying  tyrosine-containing  peptides  or  (ii)  the 
cytoplasmic  domains  themselves  were  phosphorylated  before  phage  selection  was 
performed.  Experiments  were  performed  to  investigate  the  capacity  of  specific  tyrosine 
kinases  to  modulate  the  interaction  of  the  selected  peptides  with  the  cytoplasmic 
domains.  This  strategy  is  interesting  because  it  can  reveal  the  effect  of  phosphorylation 
on  their  binding  properties  at  different  levels. 

Biological  properties  of  the  cytoplasmic  domain-binding  peptides 

We  performed  several  assays  in  the  presence  and  absence  of  the  cytoplasmic  domain¬ 
binding  peptides  to  assess  the  effects  of  these  peptides  on  cell  function. 

Apoptosis  triggered  by  the  (35-cytoplasmic  domain  binding  peptide 

We  successfully  internalized  the  (35-cytoplasmic  domain  binding  peptide  using  a 
penetratin  chimera.  Penetratin  is  a  16-residue  peptide  corresponding  to  amino  acids  43- 
58  of  the  homeodomain  of  the  Drosophila  Antennapedia  transcription  factor.  Penetratin 
can  move  hydrophilic  compounds  across  the  plasma  membrane  and  targets  oligopeptides 
to  the  cytoplasm  without  apparent  degradation  (Derossi  et  al.,  1994).  This  internalization 
occurs  at  both  37°C  and  4°C  (Joliot  et  al.,  1991a,  1991b;  Le  Roux  et  al.,  1993;  Bloch- 
Gallego  et  al.,  1993).  Similar  penetratin  fusion  peptides  (penetratin  chimeras)  have  been 
shown  to  be  internalized  into  cells  in  culture  and  elicit  peptide-specific  biological 
responses  (Theodore  et  al.,  1995;  Bonfanti  et  al.,  1997;  Holinger  et  al.,  1999).  Penetratin 
and  penetratin  fused  to  VVISYSMPD  (Pen-VVISYSMPD)  were  synthesized  and  labeled 
with  biotin.  To  analyze  the  biological  effects  of  (35-binding  peptides,  we  used  human 
umbilical  vein  endothelial  cells  (HUVECs)  as  a  model  system.  HUVECs  express  high 
levels  of  the  (35  integrin  and  respond  to  proangiogenic  cytokines.  In  fact,  (35-mediated 
signaling  pathways  can  be  activated  by  VEGF  in  endothelial  cells  (Eliceiri,  2001; 

Stupack  and  Cheresh,  2002).  Penetratin,  penetratin  chimeras,  and  a  control  biotinylated 
peptide  were  incubated  with  HUVEC  monolayer  for  1  hr.  Cells  were  then  fixed  and 
stained  with  streptavidin-fluorescein  isothiocynate  (FITC)  to  confirm  internalization  of 
the  peptide. 

The  internalizing  form  of  the  VVISYSMDP  peptide  induced  apoptosis  upon  VEGF 
stimulated  quiescent  HUVEC  cells.  Cell  death  was  analyzed  by  using  propidium  iodide 
(PI)/fluorescence-activated  cell  sorting  (FACS)  (Figure  6)  analysis  as  well  detected  by 
the  binding  of  annexin  V  to  the  cell  surface  (Figure  7)  (Fadok  et  al.,  1992).  A  DNA 
laddering  assay  confirmed  that  DNA  fragmentation  occurred  in  cells  treated  with  Pen- 
VVISYSMPD.  Caspase  activity  was  required  for  induction  of  cell  death.  Treatment  with 
z-VAD  prevented  over  50%  of  the  Pen-VVISYSMPD-induced  cell  death.  In  contrast,  the 
caspase-8  inhibitor  z-lETD  had  no  such  effect.  These  results  show  that  apoptosis  induced 
by  Pen-VVSYSMPD  in  HUVECs  requires  caspase  activation,  although  caspase-8  is  not 
involved  in  that  process 


a)  Starved  cells  b)  Confluent  cells  c )  Penetratin  d )  VISY 


10 


Cardo-Vila,  M. 

Final  Report,  12/2004 


Figure  6.  Penetratin  peptide  chimera  binding  to  the  f35  cytoplasmic  domain  induces  programmed  cell 
death  in  HUVEC.  A)  Phase  contrast  of  VEGF  stimulated  HUVECs  cultured  in  apoptosis  assay.  B)  106 
HUVEC  were  harvest  in  complete  media.  After  that  time,  15pM  penetratin  peptides  chimera  were  added  to 
the  culture  for  four,  eight  and  twelve  hours.  The  cells  were  stained  with  Propidium  Iodide  (PI)  and  induction 
of  apoptosis  was  analyzed  by  cytometric  analysis,  a)  24  hours  starved  cells,  b)  Confluent  cells  in  complete 
media,  c)  15pM  of  penetratin  was  incubated  for  four  hours,  d)  15pM  of  VISY-penetratin  chimera  was 
incubated  for  four  hours.  At  eight  hours  and  twelve  hours  points  showed  a  similar  percentage  of  Gq/Gi. 


Pen-VVISYSMPD 
Pen-SDNRYIGSW 
VVISYSMPD  peptide 


+ 


+ 


+ 


Figure  7.  Apoptosis  detection  by  annexin 
V  staining.  Cells  were  harvested  after 
treatment  with  internalizing  peptides  as 
indicated,  and  stained  with  ApoAlert. 


Programmed  cell  death  is  involved  in  many  diseases  as  well  as  in  wound  healing  and  in 
tissue  remodeling  (Reed,  2001).  Disruption  of  integrin-mediated  cell-matrix  interactions 
may  lead  to  caspase-dependent  apoptosis;  two  pathways,  anoikis  (Frisch  and  Francis, 
1994)  and  integrin-mediated  death  (1MD;  Stupack  et  al.,  2001),  have  been  described.  By 
definition,  anoikis  requires  loss  of  cell  adhesion  (Frisch  and  Francis,  1994;  Frisch  and 
Ruoslahti,  1997;  Frisch  and  Screaton,  2001;  Howe  et  al.,  2002;  Meredith  et  al,  1998; 
Aoudjit  and  Vuori,  2001).  Given  that  cells  treated  with  the  VV1SYSMDP  peptide 
undergo  apoptosis  while  still  attached,  it  is  unlikely  that  our  observations  can  be 
explained  by  the  general  phenomenon  of  anoikis.  On  the  other  hand,  IMD  occurs  when 
(33-mediated  interactions  are  blocked  in  adherent  cells.  However,  IMD  is  induced  by  the 
cytoplasmic  domains  of  |3l  or  (33  (but  not  (35)  and  it  results  from  recruitment  of  caspase-8 
to  the  membrane  and  its  subsequent  activation  (Stupack  et  al.,  2001 ).  In  contrast,  the 
VVISYSMDP  peptide  binds  only  to  the  p5  cytoplasmic  domain  (but  not  to  P 1  or  P3). 
Finally,  caspase  8  activity  is  not  required  for  VVISYSMDP-induced  cell  death.  Taken 
together,  these  observations  indicate  that  VVISYSMDP-induced  apoptosis  is  a 
programmed  cell  death  mechanism  not  as  yet  described. 


P5  integrin-null  fibroblasts  resistant  to  Pen-VVISYSMPD-induced  apoptosis 

We  tested  whether  the  P5  integrin  subunit  was  required  for  apoptosis  induction  by  the 
VVISYSMPD  peptide,  we  compared  the  effects  of  internalizing  peptides  on  fibroblasts 
isolated  from  P5  integrin-null  mice  (Huang  et  al.,  2000)  and  wild-type  mice.  Penetratin, 
VVISYSMPD,  or  Pen-VVISYSMPD  were  added  to  the  culture  media.  Marked  cell  death 
was  observed  in  wild-type  fibroblasts  treated  with  Pen-VVISYSMPD,  while  fibroblasts 
lacking  the  p5  integrin  were  not  affected.  Treatment  with  penetratin  or  the  non¬ 
internalizing  VVISYSMPD  peptide  did  not  induce  cell  death  (Figure  8).  Cell  viability 
was  quantified  (MTT)  assay.  These  results  showed  that  apoptosis  induction  by  the 
membrane-permeable  form  of  the  VVISYSMPD  peptide  does  not  occur  in  the  absence  of 
the  (35  integrin  subunit. 
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p5-null  f*5-wild  type 


Figure  8.  Cell  death  induced  by  Pen-WISYSMPD  requires  f}5  expression  Fibroblasts  from  p5-null  mice 
or  from  wild-typewere  incubated  with  15  pM  Pen-WISYSMPD  peptide.  The  cells  were  visualized  by  phase 
contrast  (100  x  magnification). 


To  reinforce  that  VVISYSMPD-triggered  cell  death  requires  the  expression  of  p5,  we 
used  a  different  cell  system  in  which  {55  integrin-negative  cells  (CS-1)  were  transfected 
with  D5.  We  showed  that  VVISYSMPD-triggered  cell  death  does  not  occur  in  the 
absence  of  the  p5  subunit  (Figure  9),  and  does  occur  in  (35-transfected  cells.  Cell  viability 
was  quantified  by  MTT  assay.  These  results  show  that  apoptosis  induction  by  the 
membrane-permeable  form  of  the  VVISYSMPD  peptide  does  not  occur  in  the  absence  of 
the  f}5  integrin  subunit. 


CS-1  CS-1-P5 


Figure  9.  Expression  of  p5  cytoplasmic  domain  is  required.  CS-1  or  CS-1-(i5  cells  were  incubated  with 
RPMI  alone  (1,4),  Pen-WISYSMPD  (2,  5)  or  penetratin  at  a  concentration  of  15  pM  (3,  6)  and  visualized  by 
phase  contrast  (100  x  magnification). 

Purification  of  P5-mimicked  band  to  identify  the  target  protein 

We  reasoned  that  the  VVISYSMPD  peptide  could  mimic  a  p5  integrin-associated 
molecule.  To  test  this  hypothesis,  we  generated  a  polyclonal  antibody  against  the 
peptide.  The  anti-VVISYSMPD  serum  recognized  the  immobilized  VVISYSMPD 
peptide  in  a  concentration-dependent  manner.  Reactivity  was  abrogated  by  preincubation 
with  the  synthetic  VVISYSMPD  peptide,  but  not  with  an  unrelated  control  peptide  (data 
not  shown).  When  tested  on  Western  blots  of  total  cell  extracts,  the  anti-VVISYSMPD 
polyclonal  antibody  reacted  with  a  specific  36-kDa  protein. 

We  used  the  anti-VVISYSMPD  antibody  to  probe  protein  samples  from  cell  extracts 
processed  by  sequential  gel  filtration  and  anion  exchange  column  chromatography  to 
identify  the  target  antigen.  A  36-kDa  protein  was  enriched  after  the  final  purification  step 
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(Figure  10A)  and  was  recognized  by  the  anti-VVISYSSMPD  antibody  on  Western  blots 
(Figure  10B). 


Figure  10.  Identification  of  the  Protein  Mimicked  by 
the  VVISYSMPD  Peptide 

(A)  Coomassie  blue  staining  of  proteins  obtained  from 
cell  extracts  after  ion  exchange  chromatography 
followed  by  molecular  weight  fractionation.  The  arrow 
indicates  the  protein  excised  and  processed  by  MALDI- 
TOF  mass  spectroscopy  of  F-15  and  F-16.  (B)  Western 
blot  analysis  of  fractions  containing  purified  proteins 
using  the  anti-VVISYSPMD  rabbit  antiserum  (generated 
by  immunizing  rabbits  with  VVISYSMPD-KLH). 


Mass  spectrometry  analysis  revealed  seven  unique  peptides  derived  from  the  purified 
36kDa  protein  that  matched  the  annexin  V  protein  sequence  (Cookson  et  al.,  1994)  in  a 
BLAST  homology  search  (Figure  1 1). 

1  maq v : , a n  AETLRKAM?cflMMBBBBBWMBBBWW^NAQR  qeisaafktl  fgrdLLDDLK 

71  ■■■FEKL  I V ALMK P S I  L  YDAYELK H A L  KGAGTNEKVL  TEI IASRTPE  ELRAIKQVYE  EEYGSSLEDD 
141  WGDTSGYYQ  RMLWLLQAN  R  DP  DAG  IDEA  QVEQDAQALF  QAGELKWGTD  EEKFITIFGT  RSVSHLRKVF 
211  DKYMTISGFQ  I EET I D — i-S  I RS I  PAY  LAETLYYAMK  GAGTDDHTLI  RVMVSRMHBB 
281  iWWlKEFRK  NFATSLYSMI  K:  :  T.^GDYKK  ALLLLCGEDD 

S  YSM  D 

+  ★  *  *  *  * 

WIS-YSMP  -D 

Figure  11.  The  amino  acid  sequence  of  the  full-length  h-annexin  V  from  the  NCBI  database  (accession 
number  AAB60648).  Boxed  in  orange  are  the  seven  peptides  obtained  by  mass  spectrometry  from  the 
purified  protein  shown  in  Fig  4A.  The  region  of  similarity  with  the  VVISYSMPD  peptide  is  underlined; 
identical  (*)  and  conserved  (+)  amino  acids  are  indicated. 

To  confirm  that  the  purified  protein  was  annexin  V,  we  reprobed  the  membrane 
containing  the  fractions  enriched  for  the  36-kDa  protein  (Figure  12)  with  a  commercial 
antibody  against  annexin  V,  which  readily  detected  the  same  36-kDa  antigen  (Figure  9B). 
These  results  show  that  annexin  V  is  the  protein  recognized  by  the  anti-VVISYSMPD 
polyclonal  antibody. 

F-15  F-16 


Figure  12.  Annexin  V  is  the  purified  protein.  The  same  Western  blot  (Figure  9B) 
was  stripped  and  reprobed  with  a  polyclonal  anti-human  annexin  V  antibody. 
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Analysis  of  a  three-dimension  model  of  annexin  V  based  on  its  structure  (Sopkova  et  al., 
1993)  shows  that  the  motif  containing  the  p5-binding  peptide  is  exposed  on  the  surface  of 
the  molecule  (Figure  13).  Annexin  V  belongs  to  a  family  of  proteins  defined  by  their 
ability  to  bind  calcium  and  phospholipids  via  a  series  of  tandem  motifs  that  form  the  core 
of  the  protein  (Dubois  et  al.,  1996).  All  annexins  contain  a  putative  PKC  binding  site,  but 
only  annexin  V  has  been  shown  to  function  as  a  PKC  inhibitor  (Schlaepfer  et  al.,  1992; 
Dubois  et  al.,  1998).  Thus,  we  sought  to  determine  whether  inhibition  of  PKC  would 
interfere  with  the  induction  of  apoptosis  by  the  VVISYSMPS  peptide. 


Figure  13.  Annexin  V  structure 


showing  the  location  of  the 
sequence  containing  the  (55- 
binding  peptide  (in  yellow). 


Localization  of  Annexin  V  and  theavp5  Integrin  in  Pen-VVISYSMPD  Untreated 
and  Treated  HUVECs 

Double  immunofluorescence  staining  of  05  (shown  in  green)  and  annexin  V  (shown  in 
red)  in  VEGF-stimulated  cells  (HUVECs)  was  used  to  evaluate  the  localization  of  these 
two  proteins  in  proliferating  and  dying  cells  by  immunofluorescence  (Figure  14).  05 
(shown  in  green)  and  annexin  V  (shown  in  red)  colocalize  (yellow)  in  VEGF-stimulated 
cells  Loss  of  the  cytoplasmic  membrane  integrity  (likely  due  to  massive  apoptosis 
induction)  was  seen  3  hr  after  treatment  with  Pen-VVISYSMPD,  yet  cells  remain 
attached. 
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Figure  14.  Localization  of  Annexin  V  with  avp5  Integrin  and  a  PKC  Inhibitor  Modulates  the  apoptotic 
Effects  in  Pen-VVISYSMPD  Untreated  and  Treated  HUVECs.  Double  immunofluorescence  staining  of  (55 
(shown  in  green)  and  annexin  V  (shown  in  red)  in  VEGF-stimulated  cells  (HUVECs).  Colocalization  of  P5 
cytoplasmic  domain  and  annexin  V  appears  in  yellow  in  the  merged  images  (top  right  panel).  P5  and 
annexin  V  no  longer  co-localize  after  incubation  with  Pen-VVISYSMPS  for  1  hr  (middle  panels)  or  3  hr  (lower 
panels). 

PKC  Activity  Is  Required  for  VVISYSMPD-Induced  Cell  Death 

The  role  of  annexin  in  signal  transduction  and  the  mechanism(s)  by  which  annexin  V 
inhibits  PKC  activity  remain  elusive.  It  has  been  proposed  that  the  identification  of  a 
protein  that  regulates  the  relative  concentrations  of  annexin  V  and  PKC  near  the 
membrane  may  control  PKC  signaling  events  (Dubois  et  al.,  1996).  However,  such  a 
protein  has  not  yet  been  identified.  On  the  other  hand,  PKC  signaling  regulates  (35 
function  and  controls  cell  survival  in  endothelial  cells  (Tang  et  al.,  1999;  Lewis  et  al., 
1996).  Serine/threonine  kinases  are  activated  upon  integrin  stimulation,  and  inhibitors  of 
PKC  block  cell  attachment  and  spreading  in  vitro  (Vuori  and  Ruoslahti,  1993;  Nakamura 
and  Nishizuka,  1994;  Chen  et  al.,  1994).  The  C-terminal  domain  of  annexin  V  associates 
with  and  inhibits  PKC  in  the  presence  of  Ca  (Schlaepfer  et  al.,  1992;  Raynal  et  al., 

1993;  Rothhut  et  al.,  1995;  Dubois  et  al.,  1995).  These  observations  led  us  to  hypothesize 
that  PKC  regulates  (35-dependent  apoptosis  induced  by  Pen-VVISYSMPD.  We 
demonstrated  that  the  PKC  inhibitors  Myr-PKCD/D,  calphostin  C,  and  Ro3 1-8220 
inhibit  VVISYSMPD-induced  cell  death,  but  no  PCKe,  and  Myr  PKCD  (Figure  15 A). 
These  results  also  show  that  conventional  PKCs  play  a  key  role  in  VVISYSMPD- 
mediated  cell  death. 
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A 


Figure  15.  Effect  on  Annexin  V 
and  avp5  Integrin  with  a  PKC 
Inhibitors  A)  VEGF-stimulated 
HUVECs  were  incubated  with 
PKC  inhibitors  (Myr-PKCl  /□, 
calphostin  C,  Ro  31-8220,  Myr- 
PCKe,  Myr-PKCC)  or  PMA  in  the 
presence  or  absence  of  pen- 
VVISYSMPD.  Cell  viability  was 
evaluated  by  the  MTT  assay  24  hr 
later.  B)  The  PKC  inhibitor 
calphostin  C  delays  apoptosis 
induced  by  Pen-VVISYSMPD  in 
HUVECs. 


High  concentrations  of 

calphostin  C  induced  cell  death  (Zhu  et  al.,  1998).  However,  at  low  concentrations  (1-10 
nM),  we  show  that  calphostin  C  inhibited  PKC  activity  without  significant  induction  of 
cell  death  (Figure  15B).  Apoptosis  induced  by  the  VVISYSMPD  peptide  was  markedly 
reduced  in  the  presence  of  low  concentrations  of  calphostin  C  (Figure  16A).  A  [3H]- 
thymidine  incorporation  assay  revealed  that  cell  proliferation  was  completely  blocked  by 
Pen-VVISYSMPD.  Apoptosis  induction  was  evaluated,  there  were  more  viable  cells  in 
the  wells  exposed  to  both  Pen-VVISYSMPD  and  calphostin  C  than  in  monolayers  treated 
with  only  Pen-VVISYSMPD  (Figure  16B).  These  data  show  that  VVISYSMPD-induced 
apoptosis  is  blocked  by  inhibition  of  PKC,  suggesting  that  PKC  activity  regulates  the 
proapoptotic  effects  of  the  VVISYSMPD  peptide. 


Figure  16.  Calphostin  C  inhibits  apoptosis  induced  by  the  Pen-WISYSMPD  peptide.  A)  HUVECs  were 
incubated  with  increasing  concentrations  of  calphostin  C  with  or  without  12  pM  Pen-VVISYSMPD.  After  an 
overnight  incubation,  proliferation  was  assessed  by  measuring  [3H]-thymidine  incorporation.  B) 
Quantification  of  cell  viability  after  incubation  with  Pen-WISYSMPD  in  the  presence  of  increasing 
concentrations  of  calphostin  C. 
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Annexin  V  Associates  with  the  |35  Integrin  Cytoplasmic  Domain 

We  performed  reciprocal  co-immunoprecipitation  using  antibodies  against  the  (35  integrin 
or  annexin  V  to  show  that  annexin  V  associates  with  (35  integrin  in  vivo.  We  then  probed 
immunoprecipitates  on  Western  blots  with  a  well-characterized  anti-(35  antibody.  A 
specific  band  corresponding  to  the  (35  integrin  subunit  was  detected  (Figure  1 7).  These 
data  demonstrate  that  annexin  V  associates  with  (35  integrin  in  cells. 


W.B.:  anti-i', 5  integrin 


Figure  17.  Annexin  V  Associates  to  with  the  |}5 
Integrin  Cytoplasmic  Domain.  HUVECs  were  lysed 
with  RIPA  buffer  containing  Ca2+,  and 
immunoprecipitation  was  performed  with  an  anti-|}5 
integrin  antibody  (lane  1),  an  anti-  annexin  V 
antibody  (lane  2),  or  anti-mouse  IgG  as  a  negative 
control  (lane  3).  p5  integrin  was  detected  by 
Western  blot  analysis  by  a  monoclonal  antibody.  A 
crude  cell  extract  is  shown  in  lane  4. 


We  used  protein  binding  assays  to  show  that  the  interaction  between  annexin  V  and  the 
P5  integrin  cytoplasmic  domain  was  specific  (Figure  18).  Recombinant  annexin  V  was 
incubated  with  GST-P5,  or  with  pi  or  p3  GST  fusion  proteins  as  negative  controls. 
Because  Ca2 '  is  required  for  the  association  between  annexin  V,  PKC  and  phospholipids 
(Mira  et  al.,  1997),  we  tested  whether  Ca2'  would  also  enhance  the  interaction  between 
annexin  V  and  p5.  Bound  annexin  V  was  detected  with  a  specific  antibody  against 
annexin  V.  A  highly  specific  interaction  between  annexin  V  and  the  GST-p5 
cytoplasmic  domain  was  observed  (Figure  18).  Ca2+  was  required  for  the  interaction, 
since  annexin  V  binding  was  not  detected  when  Ca2'-free  buffers  were  used.  The 
interaction  between  the  P5  cytoplasmic  domain  and  annexin  V  was  specifically  inhibited 
by  the  VV1SYSMPD  peptide.  Thus,  the  VVISYSMPD  peptide  mimics  the  binding  site 
through  which  annexin  V  associates  with  the  cytoplasmic  domain  of  the  P5  integrin 
subunit. 
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Figure  18.  Annexin  V  binds  to  the  |}5  cytoplasmic  domain.  Binding  of  recombinant  human  annexin  V 
was  determined  spectrophotometrically  by  an  anti-human  annexin  V  polyclonal  antibody. 

We  ruled  out  the  possibility  that  the  VVISYSMPD  peptide  might  induce  apoptosis  by 
directly  inhibiting  PKC,  we  tested  whether  the  peptide  binds  to  the  enzyme.  If  the  peptide 
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interacted  with  PKC,  it  might  also  affect  the  interaction  between  annexin  V  and  PKC. 
Phage  binding  assays  eliminated  both  possibilities,  as  no  binding  of  VVISYSMPD- 
displaying  phage  to  PKC  was  detected;  the  (35-GST  protein  was  used  as  a  positive  control 
(Figure  19A). 


VVISYSMPD  peptide  -  +  ---  + 


Control  peptide  —  —  +  —  —  —  + 

GST-|35  integrin  —  —  —  +  +  +  + 

Figure  19.  Inhibition  of  Annexin  V  to  PKC  by  (35  cytoplasmic  domain.  A)  The  VVISYSMPD  peptide  does 
not  bind  to  PKC.  Purified  PKC  was  coated  on  microtiter  wells  at  250  ng/ml  and  incubated  with  phage 
displaying  the  VVISYSMPD  peptide.  GST-(}5-coated  wells  were  used  as  a  positive  control  and  wells  coated 
with  GST  or  BSA  as  negative  controls.  B)  The  p5  integrin  cytoplasmic  domain  inhibits  binding  of  annexin  V 
to  PKC.  Microtiter-plate  wells  coated  with  PKC  were  incubated  with  annexin  V  with  or  without  GST-p5 
cytoplasmic  domain  and  VVISYSMPD  peptide  or  with  an  unrelated  control  peptide. 

Annexin  V  had  been  shown  to  bind  to  PKC  (Schlaepfer  et  al.,  1992),  and  we  examined 
whether  the  VVISYSMPD  peptide  could  interfere  with  this  interaction.  Protein-protein 
binding  assays  showed  that  the  VVISYSMPD  peptide  did  not  affect  the  binding  of 
annexin  V  to  PKC  (Figure  19  B).  In  contrast,  the  GST-p5  integrin  cytoplasmic  domain 
blocked  the  binding  of  annexin  V  to  PKC  by  about  40%.  Importantly,  the  interaction 
between  annexin  V  and  PKC  was  rescued  when  VVISYSMPD  peptide  and  GST-|)5  were 
incubated  jointly.  Taken  together,  these  results  showed  that  binding  of  annexin  V  to  the 
cytoplasmic  domain  of  P5  integrin  is  blocked  by  VVISYSMPD  peptide. 

Interestingly,  PM  A  did  not  prevent  VVISYSMPD-induced  cell  death,  because  it 
facilitated  PKC  binding  to  annexin  V  (Figure  20).  Consistent  with  this  result,  a  specific 
inhibitor  of  conventional  PKCs  (Myr  peptide)  blocked  binding  of  annexin  V  to  PKC 
(Figure  20)  and  inhibited  VVISYSMPD-induced  cell  death  These  results  supported  a  key 
role  for  PKC  activity  and  subsequent  inhibition  by  annexin  V  in  the  VVISYSMPD- 
induced  cell  death  process. 
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Figure  20.  Annexin  V  binds  to  activated  PKC.  HUVECs  incubated  with  PMA  or  with  the  Myr  peptide  for 
the  indicated  times  were  used  as  the  source  of  immunocaptured  PKC.  Binding  of  annexin  V  to  PKC  was 
analyzed  by  incubating  each  sample  well  with  1.5  pg/ml  recombinant  human  annexin  V.  Bound  annexin  V 
was  detected  spectrophotometrically  with  an  anti-human  annexin  V  polyclonal  antibody.  Control  IgG  was 
used  as  a  negative  control. 

We  observed  that  PKC  activity  was  required  for  annexin  V  binding;  yet  it  was  through 
annexin  V-dependent  PKC  inhibition  that  cell  death  were  induced  by  the  |35-cytoplasmic 
domain  binding  peptide.  Moreover,  based  on  experiments  performed  with  specific  PKC 
inhibitors,  conventional  PKCs  mediated  VVISYSMPD-induced  cell  death. 

(35  cytoplasmic-binding  peptide  Inhibits  Neovascularization  In  Vitro  and  In  Vivo 

We  determined  whether  pro-angiogenic  factors  modulate  apoptosis  induced  by  Pen- 
VVISYSMPD,  we  evaluated  cell  death  after  stimulation  with  factors  that  activate 
endothelial  cells.  HUVECs  treated  with  Pen-VVISYSMPD  in  the  presence  of  VEGF  or 
basic  fibroblast  growth  factor  (bFGF)  underwent  rapid  apoptosis  compare  to  the  controls 
(Figure  21).  Penetratin  or  the  VV1SYSMPD  peptide  alone  were  used  as  negative  controls 
and  had  no  effect  under  identical  conditions.  Therefore,  cell  death  induced  by  Pen- 
VVISYSMPD  is  markedly  enhanced  by  pro-angiogenic  growth  factors.  These 
observations  led  us  to  hypothesize  that  Pen-VVISYSMPD  might  function  as  an  inhibitor 
of  angiogenesis. 


Figure  21.  Pen-WISYSMPD  inhibited 
vascular  network  formation.  HUVECs 
were  plated  in  Matrigel-coated  plates 


and  photographed  24  hr  after  incubation 
with  penetratin,  Pen-VVISYSMPD,  or  the 
VISYSMPD  peptide  alone  (magnification 
4x). 


In  response  to  specific  stimuli,  endothelial  cells  plated  on  Matrigel  develop  into  networks 
of  capillary-like  structures.  VEGF-stimulated  HUVECs  plated  in  Matrigel  were  used  as  a 
model  of  neovascularization.  By  using  this  model,  we  showed  that  incubation  with  Pen- 
VVISYSMPD  completely  inhibits  the  formation  of  a  vascular  network,  while  penetratin 
or  the  VVISYSMPD  peptide  alone  did  not  have  any  effects.  Subcutaneous  implantation 
of  Matrigel  plugs  containing  a  combination  of  bFGF  plus  VEGF  in  nude  mice  induces 
vessel  growth  within  5  days.  Pen-VVISYSMPD  completely  inhibited  angiogenesis 
induced  by  both  growth  factors,  while  penetratin  alone  had  no  effect  (Figure  22).  These 
results  clearly  showed  that  the  (35  cytoplasmic  domain-binding  peptide  inhibits 
neovascularization. 
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VEGF  ♦  bFGF  +  +  + 

Penetratin  + 

Pen-VVISYSMPD  + 


Figure  22.  Pen-WISYSMPD-induced  Cell  Death 
Results  in  Angiogenesis  Inhibition  In  Vivo  Matrigel 
supplemented  with  growth  factors  was  injected  into 
mice  in  the  presence  of  absence  of  penetratin  or  Pen- 
VVISYSMPD.  Neovascularization  within  the  Matrigel 
plugs  was  determined  by  measurement  of  the  levels 
of  injected  FITC-labeled  lectin  that  were  subsequently 
recovered  after  ground  the  plugs. 


Consistent  with  these  observations,  we  found  that  pro-angiogenic  factors  (VEGF  and 
bFGF)  enhance  Pen-WISYSMPD-induced  cell  death.  VEGF  was  very  effective  in 
accelerating  VVISYSMPD  mediated  cell  death.  While  bFGF  was  also  effective,  it  was 
less  potent  than  VEGF  under  the  experimental  conditions  tested.  Finally,  Pen- 
VVISYSMPD  had  little  effect  on  non-proliferating  endothelial  cells  cultured  in  medium 
without  growth  factors.  Endothelial  cell  viability  in  this  experiment  was  evaluated 
(Figure  23). 


Figure  23.  Angiogenic  factors  (VEGF 
and  bFGF)  enhance  Pen- 
WISYSMPD-induced  cell  death 

Endothelial  cell  viability  was  evaluated 
by  the  MTT  assay 


Penetratin  ♦ 

Pen-VVISYSMPD  + 

VVISYSMPD  peptide  + 

KEY  RESEARCH  ACCOMPLISHMENTS: 


•  We  have  isolated  peptides  that  selectively  bind  to  B3  or  65  cytoplasmic  domains 
by  panning  of  phage  peptide  libraries  on  recombinant  fusion  proteins  containing 
133  or  B5  cytoplasmic  domains.  We  have  synthesized  membrane-permeable  forms 
of  the  cytoplasmic  domain-binding  peptides  to  determine  their  effect  on  B3  or  B5 
integrin-mediated  signaling  and  subsequent  cellular  responses. 

•  We  have  used  recombinant  fusion  proteins  containing  B3  or  B5  cytoplasmic 
domains  for  panning  of  phage  libraries  displaying  tyrosine-containing  peptides. 
The  libraries  were  phosphorylated  in  vitro  with  different  kinases.  We  have 
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studied  the  capacity  of  specific  tyrosine  kinases  to  phosphorylate  isolated 
cytoplasmic  domains  and  cytoplasmic  domain-binding  peptides  by  mass 
spectroscopy.  The  effect  of  phosphorylation  on  their  binding  properties  was 
investigated. 

•  We  have  determined  that  a  (35  cytoplasmic  domain-binding  peptide  induces 
apoptosis  upon  cell  internalization.  We  have  proved  that  this  peptide  requires  05 
integrin  expression  to  mediate  its  biological  effects. 

•  We  have  generated  and  characterized  antibodies  that  recognize  avB3  and  avB5- 
binding  peptides.  We  have  used  affinity  chromatography  assays  to  purify  a 
protein  that  has  been  identified  by  mass  spectrometry. 

•  We  have  identified  the  05cytoplasmic  binding  peptide  as  an  annexin  V  in  a 
BLAST  homology  search,  and  3D  structure  viewer  data  base  showed  an  exposed 
surface  were  the  05  cytoplasmic  domain  has  homology.  We  showed  a 
colocalization  on  the  VEGF-stimulated  cells  of  05  cytoplasmic  domain  and 
Annexin  V.  We  have  been  proved  that  annexin  V  associates  with  05  integrin  by 
immunoprecipitation  and  Western  Blot. 

•  We  demonstrated  for  the  first  time  a  connection  between  the  regulation  of  PKC 
activity  by  annexin  V,  and  the  induction  of  cell  death  in  a  05-dependent  manner. 
Our  data  reveal  a  structural  basis  for  the  regulation  of  PKC-mediated  cell  survival 
and  provides  insights  into  the  mechanism  of  action  of  annexin  V. 

•  We  have  shown  the  05  cytoplasmic  domain  binding  peptide  is  able  to  inhibit  new 
blood  vessel  formation,  both  in  vitro  and  in  vivo.  Cell  death  induced  by  Pen- 
VVISYSMPD  is  markedly  enhanced  by  pro-angiogenic  growth  factors.  These 
observations  led  us  to  hypothesize  that  Pen-VVISYSMPD  might  function  as  an 
inhibitor  of  angiogenesis. 
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CONCLUSIONS 

Even  though  breast  cancer  is  one  of  the  most  common  cancers  in  women  in  the  US,  there 
is  no  universally  agreed  strategy  for  its  management.  Several  lines  of  research  have 
recently  converged  to  explore  vascular  targeting  by  taking  advantage  of  the  differences 
between  the  newly  formed  vessels  in  tumors  and  the  mature  vessels  in  normal  tissues. 

Our  approach  is  particularly  novel  because  it  directly  selects  for  peptides  that  can 
interfere  with  cell  signaling  and  angiogenesis  specifically  at  the  level  of  receptors  that  are 
upregulated  during  angiogenesis.  We  studied  the  effect  of  63  and  65  integrin  cytoplasmic 
domain-binding  motifs  in  cell  adhesion,  migration,  and  proliferation  upon  stimulation 
with  factors  that  activate  endothelial  cells.  Peptides  are  generally  accepted  as  probes  for 
integrin  functions  in  vitro  and  in  vivo.  Moreover,  drugs  based  on  peptides  that 
specifically  block  individual  integrins  are  being  developed.  Blocking  ligand  binding  by 
the  av63  (or  av65)  integrin  with  RGD  peptides  or  antibodies  shows  promise  as  an  anti- 
angiogenic  therapy.  Such  treatments  cause  apoptosis  in  activated  endothelial  cells  that 
are  in  the  process  of  forming  new  blood  vessels,  while  not  harming  established  blood 
vessels.  These  latter  observations  imply  that  av  integrin(s),  while  accessible  to  soluble 
peptides  and  antibodies  in  neovasculature,  are  engaged  in  endothelial  cell  interactions 
with  the  underlying  extracellular  matrix.  Here  we  show  that  we  isolated  a  (35-binding 
peptide  mimics  of  annexin  V,  a  cytosolic  signaling  protein  known  to  inhibit  PKC  activity 
and  to  be  involved  in  signal  transduction,  is  associated  specifically  with  the  (35 
cytoplasmic  domain.  Upon  internalization,  this  peptide  very  effectively  activates 
apoptosis.  This  induction  of  apoptosis  requires  caspase  activity  and  the  (35  integrin 
subunit.  Furthermore,  the  apoptosis  triggered  by  this  peptide  is  modulated  by  growth 
factors  and  PKC  antagonists.  Our  results  provide  a  mechanistic  basis  for  the  involvement 
of  av(35  integrin,  proangiogenic  cytokines,  and  annexin  V  in  the  regulation  of  endothelial 
cell  survival  and  vascular  remodeling. 

Several  observations  attested  to  the  specificity  of  the  av(35-cytoplasmic  domain  directed 
peptide  and  its  pro-apoptotic  properties.  First,  only  cells  expressing  p5  could  be  killed  by 
treatment  with  the  Pen-VVISYSMPD  chimera,  whereas  chimeras  carrying  another 
peptide  with  different  integrin  specificity  did  not  trigger  cell  death.  Second,  the 
difference  between  cell  death  when  the  VEGF  stimulated  endothelial  cells  was 
impressive  compared  to  unstimulated  cells.  Our  findings  contribute  to  a  better 
understanding  of  the  biochemical  mechanisms  that  are  related  to  the  integrin-mediated 
signaling  events  involved  in  controlling  tumor  growth  and  angiogenesis.  These 
processes  involve  cell  adhesion  to  the  extracellular  matrix  and  integrin-mediated 
signaling. 

Finally,  peptides  that  affect  endothelial  and  tumor  cell  proliferation  and  invasion  were 
derived  from  this  work,  suggesting  novel  therapeutic  strategies  for  the  treatment  of 
diseases  such  as  cancer  and  diabetic  retinopathy.  Appreciation  for  the  diversity  of  cancer 
biology  and  the  importance  of  vascular  heterogeneity  in  the  development  of  breast  cancer 
has  just  begun  to  be  realized.  In  our  view,  the  results  we  presented  delineate  the 
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uniqueness  of  the  blood  vessels  in  breast  cancer,  and  how  targeted  therapies  affecting 
such  vessels  can  have  significant  therapeutic  effects.  We  believe  that  our 
accomplishments  are  entirely  consistent  with  the  DOD  directives  of  promotion  of 
translational,  organ-specific  research,  such  as  the  BCRP  Program. 

Personally,  the  dissertation  research  award  from  Department  of  the  Army  for  Breast 
Cancer  Research  has  had  a  significant  impact  on  my  career.  It  has  provided  me  with  the 
means  of  concentrating  in  cancer  research,  thus  the  funding  period  has  been  very 
productive  time  for  my  research.  It  has  also  brought  additional  potential  and  credibility 
on  the  future  of  my  research. 
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Abstract 

The  diverse  cytoplasmic  domain  sequences  within  the  various  integrin  subunits  are  critical 
for  integrin-mediated  signaling  into  the  cell  (outside-in  signaling)  and  for  activation  of  ligand 
binding  affinity  (inside-out  signaling).  Here  we  introduce  an  approach  based  on  phage 
display  technology  to  identify  molecules  that  specifically  interact  with  the  cytoplasmic 
domain  of  the  05  integrin  subunit.  We  show  that  a  peptide  selected  for  binding  specifically  to 
the  05  cytoplasmic  domain  (VVISYSMPD)  induces  apoptosis  upon  internalization.  The  cell 
death  process  induced  by  VVISYSMPD  is  sensitive  to  modulation  by  growth  factors  and  by 
protein  kinase  C  (PKC),  and  it  cannot  be  triggered  in  05  null  cells.  Finally,  we  show  that  the 
VVISYSMPD  peptide  is  a  mimic  of  annexin  V.  Our  results  suggest  a  functional  link  between 
the  Qtv0 5  integrin,  annexin  V,  and  programmed  cell  death.  We  propose  the  term 
"endothanatos"  to  designate  this  phenomenon. 
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Introduction 

Cell  surface  receptors  of  the  integrin  family  are  important  regulators  of  cell  behavior. 
Integrins  mediate  cell  adhesion,  proliferation,  migration,  and  survival  (Hynes  1992;  Hynes 
1 999;  Giancotti  and  Ruoslahti  1999  and  Eliceiri  and  Cheresh  2001). 

The  diverse  cytoplasmic  domain  sequences  within  the  various  integrin  subunits  are  critical 
for  integrin-mediated  signaling  into  the  cell  (outside-in  signaling)  and  for  activation  of  ligand 
binding  affinity  (inside-out  signaling)  (Clark  and  Brugge  1995;  Clark  and  Hynes  1997:  Howe 
et  al.  1998  and  Schlaepfer  and  Hunter  1998).  Often,  it  is  the  association  of  specific  molecules 
with  integrin  cytoplasmic  domains  that  initiates  signal  transduction  cascades  (Schwartz  et  al. 
1995;  Shattil  and  Ginsberg  1997:  Schlaepfer  and  Hunter  1998:  Liu  et  al.  2000  and  Aplin  and 
Juliano  2001). 

The  05  cytoplasmic  domain  has  been  reported  to  control  cell  migration  and  proliferation 
(Pasqualini  and  1  lender  1994;  Klemke  et  al.  1994;  Clark  and  Hynes  1997  and  Aplin  et  al. 

1 998).  Certain  postadhesion  events  are  regulated  through  a  pathway  that  requires  both  a\05 
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and  PKC  activity  (Tang  et  al.,  1999).  However,  qv/?5 -dependent  mechanisms  for 
cytoplasmic  domain  control  of  cell  signaling  are  not  well  understood.  To  date,  the  theta- 
associated  protein  20  (TAP  20)  is  the  only  molecule  known  to  interact  exclusively  with  the 
Ps  cytoplasmic  domain  (Liu  et  al..  2000). 

Extensive  data  have  been  generated  based  on  the  use  of  phage  libraries  to  identify 
extracellular  integrin  ligands  (Koivunen  et  al.^1999).  The  large  molecular  diversity 
represented  in  phage  peptide  libraries  facilitates  the  identification  of  motifs  that  map  to 
protein  interaction  sites  (Kolonin  ct  al.  2001  and  Giordano  et  al.  2001).  For  example,  RGD- 
containing  peptides  with  high  affinity  for  av  integrins  have  been  isolated  by  phage  display 
and  shown  to  be  useful  tools  for  targeting  tumor  vasculature  in  vivo  (Koivunen  et  al.  1995; 
Pasqualini  et  al.  1997  and  Zetter  1997). 

We  reasoned  that  peptides  that  bind  to  the  Ps  cytoplasmic  domain  might  mimic  signal 
transduction  properties  of  qv/^5 -associated  proteins.  Here  we  introduce  an  approach  based  on 
phage  display  technology  to  identify  molecules  that  specifically  interact  with  the  cytoplasmic 
domain  of  the  Ps  integrin  subunit. 

We  show  that  a  peptide  mimicking  annexin  V  binds  to  the  Ps  cytoplasmic  domain  and 
triggers  apoptosis.  Annexin  V  is  a  cytosolic  signaling  protein  known  to  inhibit  PKC  activity 
(Dubois  et  al..  1996):  we  demonstrate  that  annexin  V  binds  only  to  the  active  form  of  PKC. 

Induction  of  programmed  cell  death  by  this  peptide  is  modulated  by  growth  factors  and  by 
PKC  antagonists.  Caspase  activity  and  the  expression  of  the  Ps  integrin  subunit  are  also 
required.  These  results  establish  a  connection  between  annexin  V,  cell  adhesion,  and 
apoptosis. 

Results  and  Discussion 

Cell  adhesion  through  integrins  affects  cell  survival.  We  have  uncovered  a  programmed  cell 
death  pathway  triggered  by  internalization  of  VVISYSMPD,  a  Ps  cytoplasmic  domain 
binding  peptide  that  mimics  annexin  V  and  affects  PKC-dependent  signaling. 

Identification  of  a  Specific  P 5  Cytoplasmic  Domain  Binding  Peptide 

We  isolated  P 5  cytoplasmic  domain  binding  peptides  by  screening  a  phage  library  displaying 
the  motif  X4YX4  (X,  any  amino  acid;  Y,  tyrosine)  on  a  recombinant  fusion  protein 

containing  the  P 5  cytoplasmic  domain.  Immobilized  gluthatione-S-transferase  (GST)  and 
BSA  were  used  as  negative  controls  for  enrichment  during  multiple  rounds  of  panning;  phage 
were  sequenced  from  randomly  selected  clones  after  three  rounds  of  screening  (data  not 
shown).  Phage  displaying  the  sequences  DEEGYYMMR,  FQFSYRYLL,  SDWYYPWSW, 
DWPSYYEL,  and  VVISYSMPD  were  recovered  with  high  frequency  during  the  screening. 

The  most  commonly  displayed  peptide  sequence  (VVISYSMPD)  was  characterized  further. 

We  first  determined  the  specificity  of  the  phage  peptide  interaction  with  the  Ps  cytoplasmic 
domain.  Phage  displaying  the  sequence  VVISYSMPD,  or  scrambled  versions  of  the  peptide, 
were  tested  for  binding  to  GST-/H,  -/?3,  or  -Ps  cytoplasmic  domains.  The  VVISYSMPD 
phage  interacted  only  with  GST-/?5  and  not  with  GST-/?1  or  GST-/?3  (Figure  1A).  In 
contrast,  control  insertless  phage  (Fd-tet),  or  phage  displaying  the  scrambled  versions  of  the 
VVISYSMPD  peptide,  did  not  bind  to  any  of  the  immobilized  proteins.  Next,  we  showed 
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that  the  synthetic  VVISYSMPD  peptide  specifically  inhibited  binding  of  the  corresponding 
phage  in  a  dose-dependent  manner;  a  control  peptide  with  an  unrelated  sequence  had  no 
effect  (Figure  1 B).  Thus,  we  show  that  the  VVISYSMPD  peptide  binds  to  the  cytoplasmic 
domain  of  the  05  integrin  and  that  the  interaction  is  specific. 


(9K) 


Figure  1.  Phage  Displaying  the  VVISYSMPD  Peptide  Binds  Specifically  to  the  05  Integrin 
Cytoplasmic  Domain(A)  Integrin  cytoplasmic  domain  GST  fusion  proteins  or  GST  alone  were 

coated  on  microtiter  wells  at  10  ^g/ml  and  incubated  with  05  cytoplasmic  domain  binding 
phage  (VVISYSMPD).  Phage  displaying  scrambled  versions  of  the  VVISYSMPD  peptide 
(ISYVMDSVP,  VISVYPDMS,  and  ISDPYVVSM)  or  fd-tet  (insertless)  phage  were  used  as 

negative  controls. (B)  Binding  of  VVISYSMPD  phage  to  the  05  integrin  cytoplasmic  domain 
and  inhibition  with  the  corresponding  synthetic  peptide.  Phage  displaying  VVISYSMPD  were 

incubated  on  wells  coated  with  the  GST-05  integrin  cytoplasmic  domain  in  the  presence  of 
increasing  concentrations  of  VVISYSMPD  peptide  or  an  unrelated  negative  control  peptide 
sequence  (SDNRYIGSW). 


An  Internalizing  Version  of  the  VVISYSMPD  Peptide  Triggers  Apoptosis 

To  determine  whether  the  VVISYSMPD  peptide  interferes  with  05  integrin  signaling,  we 
designed  and  synthesized  an  internalizing  version  of  this  peptide  by  using  the  penetratin 
system  for  intracellular  delivery.  Penetratin  is  a  peptide  containing  16  amino  acids  that  is  part 
of  the  third  helix  of  the  antennapedia  protein  homeodomain  (Derossi  et  al.  1998).  Because 
penetratin  (Pen)  has  translocating  properties,  it  is  capable  of  carrying  hydrophilic  compounds 
across  the  plasma  membrane  and  delivering  them  directly  to  the  cytoplasm  without 
degradation  (Derossi  et  al..  1994).  We  fused  VVISYSMPD  or  a  control  unrelated  peptide  to 
penetratin  and  added  a  biotin  moiety  to  visualize  internalization.  We  used  human  umbilical 
vein  endothelial  cells  (HUVECs)  to  test  the  effect  of  the  internalizing  peptide  because  these 
cells  (1)  express  the  Cev0 5  integrin  (as  determined  by  FACS  analysis  with  specific 
antibodies;  Pasqualini  et  al.,  1993),  and  (2)  respond  to  growth  factors  such  as  VEGF,  which 
activates  /^5-dependent  signaling  (Byzova  et  al.  2000  and  Eliceiri  and  Cheresh  2001).  Pen- 
VVISYSMPD  and  a  negative  control  were  internalized  and  remained  in  the  cytoplasm  of 
HUVECs  (Figure. 2A).  Penetratin  alone  was  also  internalized  and  uniformly  distributed  in  the 
cytoplasm;  biotinylated  peptides  lacking  penetratin  were  not  internalized  (data  not  shown). 
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Figure  2.  An  Internalizing  Version  of  the  VVISYSMPD  Ps  Cytoplasmic  Domain  Binding 
Peptide  Triggers  Cell  Death(A)  Peptide  internalization.  Phase-contrast  image  of  human  umbilical 
cord  endothelial  cells  (HUVECs)  (left  panel);  cells  incubated  with  the  internalizing  version  of 
the  VVISYSMPD  peptide  (Pen- VVISYSMPD)  (middle  panel);  cells  incubated  with  a  control 
unrelated  internalizing  peptide,  Pen-SDNRYIGSW  (right  panel).(B)  Phase-contrast  images 
showing  the  effect  of  penetratin- VVISYSMPD  (Pen- VVISYSMPD)  on  endothelial  cells.  Cells 
were  stimulated  with  VEGF  and  were  monitored  after  an  overnight  incubation  without  peptide 
(Bl),  with  Pen- VVISYSMPD  (B2),  with  penetratin  alone  (B3),  or  with  Pen-SDNRYIGSW  (B4), 
at  equimolar  concentrations.(C)  Internalization  of  Pen- VVISYSMPD  leads  to  growth  arrest  of 
HUVECs  at  Gq/G,  and  induces  programmed  cell  death.  Cells  were  stained  with  propidium 

iodide  (PI),  and  their  DNA  was  analyzed  by  FACS.(D)  Apoptosis  detection  by  annexin  V 
staining.  Cells  were  harvested  after  treatment  with  internalizing  peptides,  as  indicated,  and 
stained  with  ApoAlert.(E)  Effect  of  caspase  inhibitors  on  cell  death  mediated  by  the 
intemalizable  VVISYSSMPD  peptide  was  evaluated  by  MTT  assay. 


We  next  evaluated  cell  survival  and  proliferation  in  cells  exposed  to  Pen-VVISYSMDP. 
Quiescent  HUVECs  were  stimulated  with  basal  medium  containing  VEGF.  After  an 
overnight  incubation,  most  of  the  VEGF-stimulated  cells  treated  with  Pen- VVISYSMPD 
died  (Figure  2  B2).  No  cell  death  was  observed  when  HUVECs  were  untreated  (  Figure 
2B1),  treated  with  penetratin  alone,  or  treated  with  an  unrelated  control  peptide  fused  to 
penetratin  (  Figures  2B3  and  2B4).  Moreover,  incubation  of  VEGF-stimulated  HUVECs  with 
Pen- VVISYSMPD  induced  a  subdiploid  peak  corresponding  to  apoptotic  cells,  whereas 
starvation  or  treatment  with  penetratin  alone  had  little  or  no  effect  (Figure  2C). 

An  early  step  in  the  induction  of  programmed  cell  death  is  the  inversion  of 
phosphatidylserine  in  the  cell  membrane.  Such  a  phenomenon  can  be  detected  in  a  standard 
apoptosis  assay  (Fadok  et  aL,J992).  Again,  treatment  of  VEGF-stimulated  HUVECs  with 
Pen- VVISYSMPD  induced  marked  cell  death,  whereas  treatment  with  control  peptides  did 
not  (Figure  2D).  A  DNA  laddering  assay  confirmed  that  DNA  fragmentation  occurred  in 
cells  treated  with  Pen- VVISYSMPD  but  not  with  controls  (data  not  shown). 

To  evaluate  whether  caspase  activity  was  required  for  induction  of  cell  death,  we  incubated 
VEGF-stimulated  HUVECs  with  penetratin  or  Pen-VVISYSMPD  in  the  presence  of  the 
caspase  inhibitor  z-VAD.  Treatment  with  z-VAD  prevented  over  50%  of  the  Pen- 
VVISYSMPD-induced  cell  death  (Figure  2E).  In  contrast,  the  caspase-8  inhibitor  z-IETD 
had  no  such  effect  (data  not  shown).  These  results  show  that  apoptosis  induced  by  Pen- 
VVISYSMPD  in  HUVECs  requires  caspase  activation,  although  caspase-8  is  not  involved  in 
the  cell  death  process. 

As  shown  in  Figure  2B,  the  internalizing  form  of  the  VVISYSMDP  peptide  induces 
apoptosis  without  affecting  cell  adhesion.  To  reinforce  this  finding,  we  performed  two  types 
of  experiments.  First,  we  preloaded  cells  (while  in  suspension)  with  the  internalizing  version 
of  the  VVISYSMPD  peptide,  and  subsequently  plated  them  on  vitronectin,  fibronectin,  or 
collagen.  Given  that  HUVECs  undergo  rapid  cell  death  in  the  presence  of  the  VVISYSMPD 
peptide,  treated  cells  attached  poorly  under  all  the  experimental  conditions  tested.  These 
results  support  the  hypothesis  that  VVISYSMPD  does  not  interefere  with  avPs -mediated 
adhesion  to  vitronectin,  but  rather  induces  cell  death,  a  process  resulting  in  impaired 
adhesion  to  any  substrate  (data  not  shown).  We  also  observed  that  when  cells  are  plated  on 
collagen  or  fibronectin,  the  internalizing  version  of  the  VVISYSMPD  peptide  is  still  able  to 
induce  cell  death.  These  data  demonstrate  that  (1)  avP 5  binding  to  vitronectin  is  not  required 
to  trigger  this  process  and  (2)  the  interaction  between  VVISYSMPD  and  the  Ps  cytoplasmic 
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domain  is  not  vitronectin  dependent. 

Programmed  cell  death  is  involved  in  many  diseases  as  well  as  in  wound  healing  and  in 
tissue  remodeling  (Reed,  2002).  Disruption  of  integrin-mediated  cell-matrix  interactions  may 
lead  to  caspase-dependent  apoptosis;  two  pathways,  anoikis  (Frisch  and  Francis,  1 994)  and 
integrin-mediated  death  (IMD)  (Stupack  et  al..  2001).  have  been  described.  By  definition, 
anoikis  requires  loss  of  cell  adhesion  (Frisch  and  Francis  1994:  Frisch  and  Ruoslahti  1997: 
Frisch  and  Screaton  2001 :  Howe  et  al.  2002:  Meredith  et  al.  1998  and  Aoudjit  and  Vuori 
2001).  Given  that  cells  treated  with  the  VVISYSMDP  peptide  undergo  apoptosis  while  still 
attached,  it  is  unlikely  that  our  observations  can  be  explained  by  the  general  phenomenon  of 
anoikis.  On  the  other  hand,  IMD  occurs  when  /^3-mediated  interactions  are  blocked  in 
adherent  cells.  However,  IMD  is  induced  by  the  cytoplasmic  domains  of  Pi  orP3  (but  not 
p5),  and  it  results  from  recruitment  of  caspase-8  to  the  membrane  and  its  subsequent 
activation  (Stupack  et  al..  2001).  In  contrast,  the  VVISYSMDP  peptide  binds  only  to  the  Ps 
cytoplasmic  domain  (but  not  to  P 1  or  P3).  Finally,  caspase  8  activity  is  not  required  for 
VVISYSMDP-induced  cell  death.  Taken  together,  these  observations  indicate  that 
VVISYSMDP-induced  apoptosis  is  a  programmed  cell  death  mechanism  that  has  not 
previously  been  described. 

Ps  Integrin  Null  Fibroblasts  Are  Resistant  to  WISYSMPD-Induced 
Apoptosis,  Whereas  Transfection  of  CS-1  Cells  with  Ps  Confers  Sensitivity  to 
VVISYSMPD 

To  test  whether  the  Ps  integrin  subunit  is  required  for  apoptosis  induction  by  the 
VVISYSMPD  peptide,  we  compared  the  effects  of  internalizing  peptides  on  fibroblasts 
isolated  from  Ps  integrin  null  mice  (Huang  et  al.,  2000)  and  wild-type  mice.  Penetratin, 
VVISYSMPD,  or  Pen- VVISYSMPD  was  added  to  the  culture  media  (Figure  3).  Marked  cell 
death  was  observed  in  wild-type  fibroblasts  treated  with  Pen-VVISYSMPD  (Figure  3A5). 
while  fibroblasts  lacking  the  P5  integrin  were  not  affected  (  Figure  3A2).  Treatment  with 
penetratin  or  the  noninternalizing  VVISYSMPD  peptide  did  not  induce  cell  death  (  Figures 
3A1,  3A3,  3A4,  and  3A6).  Cell  viability  was  quantified  by  the  3-[4,5-dimethylthiazol-2yl]- 
2,5-diphenyltetrazolium  bromide  (MTT)  assay  (Figure  3B). 


(48K) 


Figure  3.  Cell  Death  Induced  by  Pen-WISYSMPD  Requires  Ps  Expression(A)  Fibroblasts 

from  Ps  null  mice  (A1-A3)  or  from  wild-type  (A4-A6)  were  incubated  with  15  penetratin 
(Al  and  A4),  Pen-VVISYSMPD  (A2  and  A5),  or  the  VVISYSMPD  peptide  (A3  and  A6).  The 
cells  were  visualized  by  phase  contrast  (100  *  magnification).(B)  Quantification  of  cell  viability 

by  using  the  MTT  assay .(C)  CS-1  or  CS-\-Ps  cells  were  incubated  with  RPMI  alone  (Cl  and 
C4),  Pen-VVISYSMPD  (C2  and  C5),  or  penetratin  at  a  concentration  of  15  ^M  (C3  and  C6)  and 
visualized  by  phase  contrast  (100  *  magnification).(D)  MTT  assays  were  used  to  measure  cell 
viability. 
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To  reinforce  that  VVISYSMPD-triggered  cell  death  requires  the  expression  of  05,  we  used  a 
different  cell  system  in  which  05  integrin-negative  cells  (CS-1)  were  transfected  with  05. 

We  showed  that  VVISYSMPD-triggered  cell  death  does  not  occur  in  the  absence  of  the  05 
subunit  (Figure  3C2)  and  does  occur  in  /^5 -transfected  cells  (  Figure  3C5).  Treatment  with 
penetratin  alone  did  not  induce  cell  death  (  Figures  3C3  and  3C6).  Cell  viability  was 
quantified  by  the  MTT  assay  (Figure  3D). 

These  results  show  that  apoptosis  induction  by  the  membrane-permeable  form  of  the 
VVISYSMPD  peptide  does  not  occur  in  the  absence  of  the  05  integrin  subunit. 

The  VVISYSMPD  Peptide  Is  a  Mimic  of  Annexin  V 

We  reasoned  that  the  VVISYSMPD  peptide  could  mimic  a  05  integrin-associated  molecule. 
To  test  this  hypothesis,  we  generated  a  polyclonal  antibody  against  the  peptide.  The  anti- 
VVISYSMPD  serum  recognized  the  immobilized  VVISYSMPD  peptide  in  a  concentration- 
dependent  manner.  Reactivity  was  abrogated  by  preincubation  with  the  synthetic 
VVISYSMPD  peptide,  but  not  with  an  unrelated  control  peptide  (data  not  shown).  When 
tested  on  Western  blots  of  total  cell  extracts,  the  anti-VVISYSMPD  polyclonal  antibody 
reacted  with  a  specific  36  kDa  protein. 

We  used  the  anti-VVISYSMPD  antibody  to  probe  protein  samples  from  cell  extracts 
processed  by  sequential  gel  filtration  and  anion  exchange  column  chromatography  to  identify 
the  target  antigen  (see  Experimental  Procedures  for  details).  A  36  kDa  protein  was  enriched 
after  the  final  purification  step  (Figure  4A)  and  was  recognized  by  the  anti-VVISYSSMPD 
antibody  on  Western  blots  (Figure  4B).  Mass  spectrometry  analysis  revealed  seven  unique 
peptides  derived  from  the  purified  36  kDa  protein  that  matched  the  annexin  V  protein 
sequence  (Cookson  et  ah,  1994)  in  a  BLAST  homology  search  (Figure  4D).  To  confirm  that 
the  purified  protein  was  annexin  V,  we  reprobed  the  membrane  containing  the  fractions 
enriched  for  the  36  kDa  protein  (Figure  4B)  with  a  commercial  antibody  against  annexin  V, 
which  readily  detected  the  same  36  kDa  antigen  (Figure  4C).  These  results  show  that  annexin 
V  is  the  protein  recognized  by  the  anti-VVISYSMPD  polyclonal  antibody.  Analysis  of  a 
three-dimensional  model  of  annexin  V  based  on  its  structure  (Sopkova  et  al.,  1993)  shows 
that  the  motif  containing  the  05  binding  peptide  is  exposed  on  the  surface  of  the  molecule 
(Figure  4E). 


Figure  4.  Identification  of  the  Protein  Mimicked  by  the  VVISYSMPD  Peptide(A)  Coomassie 
blue  staining  of  proteins  obtained  from  cell  extracts  after  ion  exchange  chromatography  followed 
by  molecular  weight  fractionation.  The  arrow  indicates  the  protein  excised  and  processed  by 
MALDI-TOF  mass  spectroscopy.(B)  Western  blot  analysis  of  fractions  containing  purified 
proteins  using  the  anti-VVISYSPMD  rabbit  antiserum  (generated  by  immunizing  rabbits  with 
VVISYSMPD-KLH).(C)  The  same  Western  blot  (Figure  4B)  was  stripped  and  reprobed  with  a 
polyclonal  anti-human  annexin  V  antibody.(D)  The  amino  acid  sequence  of  the  full-length  h- 
annexin  V  from  the  NCBI  database  (accession  number  AAB60648).  Boxed  in  orange  are  the 
seven  peptides  obtained  by  mass  spectrometry  from  the  purified  protein  shown  in  Figure  4A.  The 
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region  of  similarity  with  the  VVISYSMPD  peptide  is  underlined;  identical  (*)  and  conserved  (+) 
amino  acids  are  indicated.(E)  Annexin  V  structure  showing  the  location  of  the  sequence 

containing  the  05  binding  peptide  (in  yellow). 


Annexin  V  belongs  to  a  family  of  proteins  defined  by  their  ability  to  bind  calcium  and 
phospholipids  via  a  series  of  tandem  motifs  that  form  the  core  of  the  protein  (Dubois  et  aL 
1996).  All  annexins  contain  a  putative  PKC  binding  site,  but  only  annexin  V  has  been  shown 
to  function  as  a  PKC  inhibitor  (Schlaepfer  et  al.  1992  and  Dubois  etal.  1998).  Thus,  we 
sought  to  determine  whether  inhibition  of  PKC  would  interfere  with  the  induction  of 
apoptosis  by  the  VVISYSMPS  peptide. 

Localization  of  Annexin  V  and  the  a\05  Integrin  in  Pen-VVISYSMPD 
Untreated  and  Treated  HUVECs 

Double  immunofluorescence  staining  of  05  (shown  in  green)  and  annexin  V  (shown  in  red) 
in  VEGF-stimulated  cells  (HUVECs)  was  used  to  evaluate  the  localization  of  these  two 
proteins  in  proliferating  and  dying  cells  by  immunofluorescence  (Figure  5A).  05  (shown  in 
green)  and  annexin  V  (shown  in  red)  colocalize  (yellow)  in  VEGF-stimulated  cells  (Figure 
5A,  upper  panel).  However,  in  cells  treated  with  Pen-VVISYSMPD,  annexin  V  is  seen 
mainly  in  the  cytoplasm  (  Figure  5A.  middle  panel).  Loss  of  cytoplasmic  membrane  integrity 
(likely  due  to  massive  apoptosis  induction)  is  seen  3  hr  after  treatment  with  Pen- 
VVISYSMPD.  However,  cells  remained  attached  (  Figure  5A.  lower  panels). 


(70K) 


Figure  5.  Localization  of  Annexin  V  with  Q\05  Integrin  and  a  PKC  Inhibitor  Modulates  the 
Apoptotic  Effects  in  Pen-VVISYSMPD  Untreated  and  Treated  HUVECs(A)  Double 

immunofluorescence  staining  of  05  (shown  in  green)  and  annexin  V  (shown  in  red)  in  VEGF- 
stimulated  cells  (HUVECs).  Colocalization  of  the  05  cytoplasmic  domain  and  annexin  V 

appears  in  yellow  in  the  merged  images  (top  right  panel).  05  and  annexin  V  no  longer  colocalize 
after  incubation  with  Pen- VVISYSMPS  for  1  hr  (middle  panels)  or  3  hr  (lower  panels).(B) 

VEGF-stimulated  HUVECs  were  incubated  with  PKC  inhibitors  (Myr-PKCCt/V,  calphostin  C, 

Ro  31-8220,  Myr-PCKf,  Myr-PKcC)  or  PMA  in  the  presence  or  absence  of  Pen-VVISYSMPD. 
Cell  viability  was  evaluated  by  the  MTT  assay  24  hr  later.(C)  The  PKC  inhibitor  calphostin  C 
delays  apoptosis  induced  by  Pen-VVISYSMPD  in  HUVECs.(D)  HUVECs  were  incubated  with 
increasing  concentrations  of  calphostin  C  with  or  without  12  0M  Pen-VVISYSMPD.  After  an 
overnight  incubation,  proliferation  was  assessed  by  measuring  [3H]thymidine  incorporation.(E) 
Quantification  of  cell  viability  after  incubation  with  Pen-VVISYSMPD  in  the  presence  of 
increasing  concentrations  of  calphostin  C. 


Furthermore,  in  order  to  define  the  VVISYSMPD  peptide  interacting  site  within  the  05 
cytoplasmic  domain,  we  engineered  phage  particles  displaying  several  sequences  within  the 
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05  tail.  Then,  using  phage  binding  assays  with  both  the  VVISYSMPD  peptide  and  the  native 
annexin  V  protein,  we  mapped  the  binding  site  within  a  short  domain  containing  the 
sequence  FQSERSRARYEMAS.  This  domain,  as  expected,  is  not  present  in  other  integrin 
cytoplasmic  domains.  In  addition,  we  also  demonstrated  that  the  VVISYSMPD  peptide  had 
properties  similar  to  the  actual  sequence  present  in  annexin  V  by  synthesizing  the  annexin  V 
peptide  SLYSMIKGD  (Figure  4D)  and  showing  that  this  peptide  binds  equally  well  to  the 
cytoplasmic  domain  of  05  (data  not  shown). 

PKC  Activity  Is  Required  for  VVISYSMPD-Induced  Cell  Death 

The  role  of  annexin  in  signal  transduction  and  the  mechanism(s)  by  which  annexin  V  inhibits 
PKC  activity  remain  elusive.  It  has  been  proposed  that  the  identification  of  a  protein  that 
regulates  the  relative  concentrations  of  annexin  V  and  PKC  near  the  membrane  may  control 
PKC  signaling  events  (Dubois  et  al..  1996).  However,  such  a  protein  has  not  yet  been 
identified.  On  the  other  hand,  PKC  signaling  regulates  05  function  and  controls  cell  survival 
in  endothelial  cells  (Tang  et  al.  1999  and  Lewis  et  aj.  1996).  Serine/threonine  kinases  are 
activated  upon  integrin  stimulation,  and  inhibitors  of  PKC  block  cell  attachment  and 
spreading  in  vitro  (Vuori  and  Ruoslahti  1993:  Nakamura  and  Nishizuka  1994  and  Chen  et  al. 

1 994) .  The  C-terminal  domain  of  annexin  V  associates  with  and  inhibits  PKC  in  the  presence 

of  Ca2+  (Schlaepfer  et  al.  1992:  Raynal  etal.  1993:  Rothhut  et  al.  1995  and  Dubois  et  al. 

1995) .  These  observations  led  us  to  hypothesize  that  PKC  regulates  /^5-dependent  apoptosis 
induced  by  Pen-VVISYSMPD.  To  verify  this  hypothesis,  we  tested  the  effects  of Pen- 
VVISYSMPD  in  the  presence  of  different  agents  that  interfere  with  PKC  activity,  namely, 
PM  A,  Myr-PKCa//?,  calphostin  C,  Ro3 1-8220,  PCKe,  and  Myr  PKcC.  We  demonstrated  that 
the  PKC  inhibitors  Myr-PKCa//?,  calphostin  C,  and  Ro3 1-8220  inhibit  VVISYSMPD- 
induced  cell  death  (Figure  5 B).  These  results  also  show  that  conventional  PKCs  play  a  key 
role  in  VVISYSMPD-mediated  cell  death. 

Because  calphostin  C  is  a  well-established  PKC  inhibitor  used  extensively  in  the  literature, 
we  have  expanded  our  studies  by  the  use  of  this  reagent  (Figures  6C  and  6D). 
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Figure  6.  Annexin  V  Associates  with  the  P 5  Integrin  Cytoplasmic  Domain  and  Binds  to 
Activated  PKC(A)  HUVECs  were  lysed  with  RIPA  buffer  containing  Ca2+,  and 
immunoprecipitation  was  performed  with  an  anti-/?5  integrin  antibody  (lane  1),  an  anti-annexin 

V  antibody  (lane  2),  or  anti-mouse  IgG  as  a  negative  control  (lane  3).  ft 5  integrin  was  detected 
by  Western  blot  analysis  by  a  monoclonal  antibody.  A  crude  cell  extract  is  shown  in  lane  4.(B) 

Annexin  V  binds  to  the  ft 5  cytoplasmic  domain.  Binding  of  recombinant  human  annexin  V  was 
determined  spectrophotometrically  by  an  anti-human  annexin  V  polyclonal  antibody.(C)  The 
VVISYSMPD  peptide  does  not  bind  to  PKC.  Purified  PKC  was  coated  on  microtiter  wells  at  250 

ng/ml  and  incubated  with  phage  displaying  the  VVISYSMPD  peptide.  GST-/?5 -coated  wells 
were  used  as  a  positive  control,  and  wells  coated  with  GST  or  BSA  were  used  as  negative 

controls.(D)  The  ft 5  integrin  cytoplasmic  domain  inhibits  binding  of  annexin  V  to  PKC. 
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Microtiter  plate  wells  coated  with  PKC  were  incubated  with  annexin  V  with  or  without  the  GST- 

Ps  cytoplasmic  domain  and  VVISYSMPD  peptide  or  with  an  unrelated  control  peptide.  Binding 
of  recombinant  human  annexin  V  to  PKC  was  determined  as  described  above.(E)  HUVECs 
incubated  with  PMA  or  with  the  Myr  peptide  for  the  indicated  times  were  used  as  the  source  of 
immunocaptured  PKC.  Binding  of  annexin  V  to  PKC  was  analyzed  by  incubating  each  sample 
well  with  1 .5  t* g/ml  recombinant  human  annexin  V.  Bound  annexin  V  was  detected 
spectrophotometrically  with  an  anti-human  annexin  V  polyclonal  antibody.  Control  IgG  was 
used  as  a  negative  control. 


High  concentrations  of  calphostin  C  induced  cell  death  (Zhuetal..  1998).  However,  at  low 
concentrations  (1-10  nM),  we  show  that  calphostin  C  inhibits  PKC  activity  without 
significant  induction  of  cell  death  (Figure  5D).  Apoptosis  induced  by  the  VVISYSMPD 
peptide  was  markedly  reduced  in  the  presence  of  low  concentrations  of  calphostin  C  (Figure 

5D).  A  [3H]thymidine  incorporation  assay  revealed  that  cell  proliferation  was  completely 
blocked  by  Pen-VVISYSMPD  (Figure  5D).  However,  when  apoptosis  induction  was 
evaluated,  there  were  more  viable  cells  in  the  wells  exposed  to  both  Pen-VVISYSMPD  and 
calphostin  C  than  in  monolayers  treated  with  only  Pen-VVISYSMPD  (Figure  5E). 

These  data  show  that  VVISYSMPD-induced  apoptosis  is  blocked  by  inhibition  of  PKC,  and 
they  indicated  that  PKC  activity  regulates  the  proapoptotic  effects  of  the  VVISYSMPD 
peptide. 

Annexin  V  Associates  with  the  Ps  Integrin  Cytoplasmic  Domain 

The  experimental  evidence  described  above  indicated  that  annexin  V  interacts  with  the  Ps 
cytoplasmic  domain.  To  show  that  annexin  V  associates  with  P5  integrin  in  vivo,  we 
performed  reciprocal  coimmunoprecipitation  with  antibodies  against  the  Ps  integrin  or 
annexin  V  and  probed  the  immunoprecipitates  on  Western  blots  with  a  well-characterized 
anti-/?5  antibody.  A  specific  band  corresponding  to  the  Ps  integrin  subunit  was  detected 
(Figure  6A).  These  data  demonstrate  that  annexin  V  associates  with  Ps  integrin  in  cells. 

To  show  that  the  interaction  between  annexin  V  and  the  Ps  integrin  cytoplasmic  domain  is 
specific,  we  used  protein  binding  assays  (Figure  6B).  Recombinant  annexin  V  was  incubated 

with  GST-/?5,  or  with  Pi  or  Pi  GST  fusion  proteins  as  negative  controls.  Because  Ca2+  is 
required  for  the  association  between  annexin  V,  PKC,  and  phospholipids  (Mira  et  al..  1997). 

we  tested  whether  Ca2+  would  also  enhance  the  interaction  between  annexin  V  and  Ps.  Three 
different  buffers  were  used  in  the  binding  experiments:  Tris-buffered  saline,  and  a  buffer  that 

mimics  cytoplasmic  conditions  (termed  binding  buffer)  with  or  without  Ca2+  (Figure  6B). 
Bound  annexin  V  was  detected  with  a  specific  antibody  against  annexin  V.  A  highly  specific 
interaction  between  annexin  V  and  the  GST-/?5  cytoplasmic  domain  was  observed  (Figure 
6B).  Ca  was  required  for  the  interaction,  since  annexin  V  binding  was  not  detected  when 
Ca2+-free  buffers  were  used.  The  interaction  between  the  Ps  cytoplasmic  domain  and 
annexin  V  was  specifically  inhibited  by  the  VVISYSMPD  peptide  (Figure  6B),  but  not  by  a 
control  peptide  (data  not  shown).  Thus,  the  VVISYSMPD  peptide  mimics  the  binding  site 
through  which  annexin  V  associates  with  the  cytoplasmic  domain  of  the  Ps  integrin  subunit. 

To  rule  out  the  possibility  that  the  VVISYSMPD  peptide  might  induce  apoptosis  by  its  direct 
inhibition  of  PKC,  we  tested  whether  the  peptide  binds  to  the  enzyme.  If  the  peptide 


http  ://www.  sciencedirect.com/  science?_ob=ArticleURL&_udi=B6  WSR-4C5  R8NP-7&_co. . .  1/1 0/2005 


ScienceDirect  -  Molecular  Cell :  v5  Integrin-Dependent  Programmed  Cell  Death  Trigg...  Page  11  of  21 


interacted  with  PKC,  it  might  also  affect  the  interaction  between  annexin  V  and  PKC.  Phage 
binding  assays  eliminated  both  possibilities,  as  no  binding  of  VVISYSMPD-displaying 
phage  to  PKC  was  detected;  the  /?5-GST  protein  was  used  as  a  positive  control  (Figure  6C). 

Annexin  V  has  been  shown  to  bind  to  PKC  (Schlaepfer  et  al..  1992),  and  we  examined 
whether  the  VVISYSMPD  peptide  could  interfere  with  this  interaction.  Protein  binding 
assays  showed  that  the  VVISYSMPD  peptide  does  not  affect  the  binding  of  annexin  V  to 
PKC  (Figure  6D).  In  contrast,  the  GST-/?5  integrin  cytoplasmic  domain  blocked  the  binding 
of  annexin  V  to  PKC  by  about  40%.  Importantly,  the  interaction  between  annexin  V  and 
PKC  was  rescued  when  VVISYSMPD  peptide  and  GST-/?5  were  incubated  jointly.  Taken 
together,  these  results  show  that  binding  of  annexin  V  to  the  cytoplasmic  domain  of  ft 5 
integrin  is  blocked  by  VVISYSMPD  peptide. 

Interestingly,  PMA  does  not  prevent  VVISYSMPD-induced  cell  death,  because  it  facilitates 
PKC  binding  to  annexin  V  (Figure  6E).  Consistent  with  this  result,  a  specific  inhibitor  of 
conventional  PKCs  blocks  binding  of  annexin  V  to  PKC  (Figure  6E)  and  inhibits 
VVISYSMPD-induced  cell  death  (Figure  5).  These  results  support  a  key  role  for  PKC 
activity  and  subsequent  inhibition  by  annexin  V  in  the  VVISYSMPD-induced  cell  death 
process. 

Having  established  that  cell  death  induced  by  VVISYSMPD  is  modulated  by  PKC,  we 
observed  that  PKC  activity  is  required  for  annexin  V  binding;  yet,  it  is  through  annexin  V- 
dependent  PKC  inhibition  that  cell  death  is  induced  by  the  /^-cytoplasmic  domain  binding 
peptide.  Moreover,  based  on  experiments  performed  with  specific  PKC  inhibitors, 
conventional  PKCs  mediate  VVISYSMPD-induced  cell  death. 

Angiogenic  Growth  Factors  Enhance  VVISYSMPD-  Induced  Programmed 
Cell  Death  In  Vitro  and  In  Vivo 

To  determine  whether  angiogenic  factors  modulate  apoptosis  induced  by  Pen- VVISYSMPD, 
we  evaluated  cell  death  after  stimulation  with  factors  that  activate  endothelial  cells.  HUVECs 
treated  with  Pen- VVISYSMPD  in  the  presence  of  VEGF  or  basic  fibroblast  growth  factor 
(bFGF)  underwent  rapid  apoptosis  in  comparison  to  the  controls  (Figure  7C).  Penetratin  or 
the  VVISYSMPD  peptide  alone  were  used  as  negative  controls  and  had  no  effect  under 
identical  conditions.  Therefore,  cell  death  induced  by  Pen- VVISYSMPD  is  markedly 
enhanced  by  angiogenic  growth  factors.  These  observations  led  us  to  hypothesize  that  Pen- 
VVISYSMPD  might  function  as  an  inhibitor  of  angiogenesis. 


(57K) 


Figure  7.  Pen- VVISYSMPD-induced  Cell  Death  Results  in  Angiogenesis  Inhibition  In  Vitro  and 
In  Vivo(A)  HUVECs  were  plated  in  Matrigel-coated  plates  and  photographed  24  hr  after 
incubation  with  penetratin,  Pen- VVISYSMPD,  or  the  VISYSMPD  peptide  alone  (magnification 
4*).(B)  Matrigel  supplemented  with  growth  factors  was  injected  into  mice  in  the  presence  or 
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absence  of  penetratin  or  Pen-VVISYSMPD.  Neovascularization  within  the  Matrigel  plugs  was 
determined  by  measurement  of  the  levels  of  injected  FITC-labeled  lectin  recovered  by  using  a 
fluorimeter  (485  nm).(C)  Phase-contrast  images  showing  the  effect  of  Pen-VVISYSMPD  on 
growth  factor-stimulated  HUVECs.  Cells  were  monitored  after  an  overnight  incubation  with 
either  culture  medium  without  growth  factors,  or  after  stimulation  with  VEGF  or  bFGF. 

Monolayers  were  treated  with  Pen-VVISYSMPD  or  penetratin  alone,  at  equimolar 
concentrations.(D)  Proangiogenic  factors  (VEGF  and  bFGF)  enhance  Pen-VVISYSMPD- 
induced  cell  death.  Endothelial  cell  viability  was  evaluated  by  the  MTT  assay. 


In  response  to  specific  stimuli,  endothelial  cells  plated  on  Matrigel  develop  into  networks  of 
capillary-like  structures.  Using  VEGF-stimulated  HUVECs  plated  in  Matrigel  as  a  model  of 
neovascularization,  we  showed  that  incubation  with  Pen-VVISYSMPD  completely  inhibits 
the  formation  of  a  vascular  network,  whereas  penetratin  or  the  VVISYSMPD  peptide  alone 
did  not  have  any  apparent  effect  (Figure  7A).  To  expand  our  findings,  we  also  assessed  the 
ability  of  the  05  integrin  cytoplasmic  domain  binding  motif  to  inhibit  neovascularization  in 
vivo.  Subcutaneous  implantation  of  Matrigel  plugs  containing  a  combination  of  bFGF  plus 
VEGF  in  nude  mice  induces  vessel  growth  within  5  days.  When  tested  in  this  model,  Pen- 
VVISYSMPD  completely  inhibited  angiogenesis  induced  by  both  growth  factors,  while 
penetratin  alone  had  no  effect  (Figure  7B).  These  results  clearly  show  that  the  05 
cytoplasmic  domain  binding  peptide  inhibits  neovascularization.  Consistent  with  these 
observations,  we  found  that  the  angiogenic  factors  (VEGF  and  bFGF)  enhance  Pen- 
VVISYSMPD-induced  cell  death  (Figure  70.  VEGF  is  highly  effective  in  accelerating 
VVISYSMPD-mediated  cell  death  (  Figure  7C,  upper  panel).  Although  bFGF  is  also 
effective,  it  is  less  potent  than  VEGF  under  the  experimental  conditions  tested  (  Figure  7C. 
middle  panel).  Finally,  Pen-VVISYSMPD  has  little  effect  on  nonproliferating  endothelial 
cells  cultured  in  medium  without  growth  factors  (  Figure  7C.  lower  panel).  Endothelial  cell 
viability  in  this  experiment  was  also  evaluated  by  the  MTT  assay  (Figure  7D). 

Conclusions 

We  demonstrate  that  there  is  a  connection  between  the  regulation  of  PKC  activity  by  annexin 
V  and  the  induction  of  cell  death  in  a  /^5-dependent  manner.  Also  in  agreement  with  our 
findings  is  the  recent  serendipitous  copurification  of  annexin  V  with  the  integrin  05  subunit 
(Andersen  et  al..  2002). 

Our  data  reveal  a  structural  basis  for  the  regulation  of  PKC-mediated  cell  survival  and 
provide  insights  into  the  mechanism  of  action  of  annexin  V.  We  show  that  a  short  synthetic 
peptide  mimic  of  annexin  V  induces  cell  death  and  that  the  mechanisms  underlying  this 
phenomenon  were  completely  different  from  those  of  anoikis  or  of  IMD.  We  propose  the 
term  "endothanatos"  (death  from  inside)  to  designate  this  /^5-dependent  cell  death  pathway. 

Experimental  Procedures 

Reagents 

GST  fusion  proteins  expressing  0\,  03,  or  05  integrin  cytoplasmic  domains  cloned  into  the 
vector  pGEX  were  purified  according  to  the  manufacturer's  instructions  (Amersham 
Pharmacia  Biotech).  Anti-/?5  integrin  antibodies  (IA9  and  IVA4)  were  a  kind  gift  from  Dr. 
Martin  Hemler),  the  anti-GST  antibody  was  from  Amersham  Pharmacia  Biotech,  horseradish 
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peroxidase  (HRP)-conjugated  anti-rabbit  and  anti-goat  secondary  antibodies  were  purchased 
from  Sigma-Aldrich.  The  anti-human  annexin  V  antibody  was  produced  by  Hyphen  BioMed 
and  is  distributed  by  diaPharma.  Recombinant  human  VEGF  was  purchased  from  BD 
Pharmingen.  Annexin  V  was  purchased  from  Santa  Cruz  Biotechnology.  Synthetic  peptides, 
the  keyhole  limpet  hemocyanin  (KLH)  conjugates,  and  penetratin  chimeras  were  purchased 
from  Anaspec. 

Cell  Culture 

Single-donor  HUVECs  were  purchased  from  Clonetics  and  were  cultured  in  complete 
endothelial  media  (EGM  BulletK.it,  Clonetics)  according  to  the  manufacturer's  instructions. 

Cells  were  used  at  passage  3  to  5.  Starved  HUVECs  were  grown  in  EBM-2  (endothelial  basal 
media,  serum-free,  Clonetics).  MDA-MB-435  cells  were  obtained  from  American  Type 
Culture  Collection  (ATCC).  Primary  fibroblast  cultures  were  established  from  mouse  brain 
and  grown  in  Dulbecco's  modified  Eagle's  media  (DMEM)  from  GIBCO  containing  10% 
fetal  calf  serum  (FCS).  For  assays  using  05  null  cells,  confluent  fibroblasts  were  plated  in  12 

wells  (5  x  104  cells  per  well)  in  complete  media  and  were  allowed  to  attach  (fibroblasts  used 
in  our  experiments  were  not  stimulated  with  specific  growth  factors).  The  medium  was 
replaced  by  starvation  medium;  24  hr  later,  peptides  were  added  in  complete  media,  and  cells 
were  incubated  for  12  hr  at  37°C.  CS-1  (Farishian  and  Whittaker  1 979  and  Thomas  et  al. 

1 993)  and  CS-1  cells  stably  transfected  with  a  /?5wt  integrin  subunit  domain  were  described 
previously  (Tilardo  et  al..  1996).  Cells  were  cultured  in  RPMI,  1%  HEPES,  10%  FCS,  2  mM 
L-glutamine,  and  100  u/ml  Penicillin/Streptomycin  S04. 

Phage  Display  Screenings  and  Phage  Binding  Assays 

A  phage  display  random  peptide  library  displaying  the  insert  X4YX4  (where  X  is  any  amino 

acid  and  Y  is  a  tyrosine  residue)  was  used  in  the  screenings;  phage  input  was  3  x  1010 
transducing  units  (TU).  GST  fusion  proteins  were  coated  on  microtiter  wells  as  previous 
described  (Smith  and  Scott  1993  and  Koivunen  et  al.  1993).  Phage  binding  assays  on  purified 
proteins  were  carried  out  as  described  (Giordano  et  al..  2001).  GST-/?1 ,  GST-/?3,  GST-/?5, 
and  GST  (at  1  ^g  in  50  W  phosphate  buffered  saline  [PBS])  were  immobilized  on  microtiter 
wells  overnight  at  4°C.  Wells  were  washed  twice  with  PBS,  blocked  with  PBS/3%  BSA  for  2 

hr  at  room  temperature,  and  incubated  with  109  TU  of  VVISYSMPD  phage,  scrambled 
versions  of  the  VVISYSMPD  peptide  (ISYVMDSVP,  VISVYPDMS,  and  ISDPYVVSM),  or 
fd-tet  phage  in  50  PBS/1 .5%  BSA.  After  1  hr  at  room  temperature,  wells  were  washed  ten 
times  with  PBS,  and  phage  were  recovered  by  bacterial  infection.  VVISYSMPD  or 
SDNRYIGSW  were  used  as  synthetic  peptides  to  evaluate  competitive  inhibition  of  phage 
binding.  ELISA  with  polyclonal  anti-GST  (Amersham)  confirmed  the  presence  and 
concentration  of  the  GST-fusion  proteins  on  the  wells.  To  test  binding  of  the  VVISYSMPD 
phage  to  PKC,  microtiter-wells  were  coated  at  4°C  overnight  with  250  ng/ml  of  purified  PKC 
(Promega),  GST -05  fusion  protein  (positive  control),  or  GST  or  BSA  (negative  controls). 

VVISYSMPD  phage  (1010  TU)  was  added  to  each  well,  and  the  binding  assay  was 
performed  as  described  above. 

Peptide  Internalization  and  Visualization 

Uptake  of  biotinylated  peptides  into  cells  was  monitored  as  described  previously  (Derossi  et 
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al.  1994  and  Theodore  et  al.  1995).  HUVEC  cultures  were  washed,  and  the  media  were 
replaced  with  complete  media  containing  10  ^g/ml  biotinylated  peptide.  After  2  hr,  the 
cultures  were  washed  with  PBS,  fixed,  permeabilized  with  ethanol :acetic  acid  (9:1,  v:v)  for  5 
min  at  -20°C,  blocked  for  30  min  with  10%  FCS  in  PBS,  incubated  for  1  hr  with  FITC- 
conjugated  streptavidin,  and  washed  with  PBS  prior  to  visualization  with  an  inverted 
fluorescence  microscope. 

Double  Immunofluorescence 

HUVECs  were  fixed  in  methanol  for  10  min  and  were  incubated  with  a  monoclonal  anti-/?5 
antibody  (IVA4)  (diluted  1/300)  and  a  polyclonal  anti-annexin  V  antibody  (diluted  1/200). 
The  secondary  antibodies  were  Cy3 -anti-rabbit  and  FITC-anti-mouse  IgG  (Jackson 
ImmunoResearch  Laboratories).  Cells  were  examined  by  fluorescence  microscopy 
(Olympus). 

Proliferation  and  Cell  Viability  Assays 

Cell  proliferation  was  measured  as  described  previously  (Pasqualini  and  Hemler.  1994). 
Briefly,  4  *  104  HUVECs  growing  in  24- well  plates  were  starved  for  24  hr  in 
unsupplemented  EGM-2  media.  Twenty-four  hours  later,  the  media  were  supplemented  with 
VEGF  (final  concentration  of  20  nM)  and  with  each  peptide  (final  concentration  of  15  /*M). 

After  incubation  for  18  hr,  50  /ft  of  media  containing  [^Hjthymidine  (1  /*Ci/ml;  Amersham) 
was  added  to  each  well.  Six  hours  later,  the  media  were  removed,  and  the  cells  were  fixed  in 
10%  trichloroacetic  acid  (TCA)  for  30  min  at  4°C,  washed  with  ethanol,  and  solubilized  in 
0.5  N  NaOH.  Incorporation  of  radioactivity  was  determined  by  liquid  scintillation  counting 
with  an  LS  6000SC  Beckman  scintillation  counter.  Cell  viability  was  assessed  by 
measurement  of  cellular  metabolism  of  MTT  (Sigma)  at  37°C.  Cells  growing  in  24-well 
plates  were  treated  with  penetratin  chimeras  for  12  hr,  washed  twice  with  PBS,  incubated  in 
complete  media  containing  MTT  (500  ^g/ml  per  well)  for  2-4  hr,  and  solubilized  with  0.1  N 
HC1  in  isopropanol  ('Mosmann.  1983).  Samples  were  subsequently  read  at  570  nm  in  a  plate 
reader  (Bio-Tek  Instruments).  CS-1  and  CS-l-b5  cells  were  grown  in  48-well  plates  and  were 
treated  with  penetratin  or  Pen-VVISYSMPD  for  12  hr. 

Cell  viability  was  performed  as  described  above. 

Apoptosis  Assays 

Induction  of  apoptosis  was  determined  by  two  methods.  First,  DNA  content  was  analyzed  by 

propidium  iodide  (PI)  staining.  Approximately  1  x  106  cells  were  harvested  in  complete 
media  after  incubation  in  EBM-2  plus  VEGF  (25  ng/ml)  and  1 5  /*M  penetratin  or  Pen- 
VVISYSMPD  peptide  for  4,  8,  or  12  hr.  The  cells  were  washed  in  PBS,  resuspended  in  0.5 
ml  of  PI  solution  (50  /*g/ml  PI,  0.1%  Triton  X-100,  and  0.1%  sodium  citrate),  incubated  for 
24  hr  at  4°C,  and  counted  with  an  XL  Coulter  System  (Coulter  Corporation)  with  a  488  nm 
laser.  Twelve  thousand  cells  were  counted  for  each  histogram,  and  cell  cycle  distributions 
were  analyzed  with  the  Multicycle  program. 

Annexin  V  staining  was  performed  to  monitor  early  stages  of  apoptosis  as  described  in  the 
ApoAlert  Annexin  V  Technical  Bulletin  (Clontech).  Briefly,  HUVECs  growing  in  35  x  10 
mm  plates  were  incubated  with  the  indicated  peptides  for  various  times,  harvested,  washed, 
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and  resuspended  in  binding  buffer  supplemented  with  anti-annexin  V  antibody.  Samples 
were  incubated  for  10-15  min  at  room  temperature  and  were  analyzed  by  FACS.  To  inhibit 
caspase  activity,  80  z-VAD  or  z-IETD  (Calbiochem)  was  added  to  the  cells  with  each 
peptide.  In  assays  performed  with  PKC  inhibitors,  HUVECs  were  starved  in  EBM-2  media 
for  24  hr,  the  media  were  supplemented  with  20  nM  VEGF,  12  WVl  peptides  as  indicated  in 
the  figure  legends,  and  calphostin  C  (1  fhn,  100  nM,  10  nM,  and  1  nM;  Sigma),  and  the  cells 
were  incubated  for  an  additional  14  hr. 

Protein-Protein  Interaction  Assays 

GST  fusion  proteins  containing  the  P\,  P3,  or  Ps  cytoplasmic  domains  or  GST  alone  were 
coated  onto  96-well  plates  at  5  ^g/well  to  test  the  binding  of  annexin  V  to  the  P  integrin 
cytoplasmic  domain.  Purified  annexin  V  was  added  at  2  ^g/ml  in  three  different  buffers: 
Tris-buffered  saline,  a  binding  buffer  (100  mM  KC1,  3  mM  NaCl,  3.5  mM  MgCl,  10  mM 
PIPES  [pH  8]),  and  a  binding  buffer  containing  2  mM  CaCl2.  After  3  hr,  binding  of  annexin 

V  to  the  GST  fusion  proteins  was  detected  with  an  anti-annexin  V  antibody  (diluted  1/100) 
followed  by  HRP-conjugated  anti-goat  IgG.  To  confirm  that  equal  amounts  of  the  GST 
fusion  proteins  were  bound  to  the  plates,  parallel  experiments  were  performed  by  ELISA 
using  a  1:1500  dilution  of  an  anti-GST  antibody  (data  not  shown;  Amersham  Pharmacia 
Biotech).  To  evaluate  the  interaction  of  PKC  and  annexin  V,  purified  PKC  (Promega)  was 
coated  at  250  ng/ml  onto  a  microtiter-well  plate  and  incubated  with  annexin  V  alone  (2 
^g/ml)  or  in  combination  with  GST-/?5  integrin  cytoplasmic  domain  (1  ^g/ml)  and 
VVISYSMPD  peptide  (12  ftM).  For  the  immunocapture  assays,  PKC  was  immobilized  from 
HUVEC  extracts  as  described  (Park  et  al..  19991.  Specifically,  96-well  plates  were  coated 
overnight  at  4°C  with  1  ^g/ml  anti-PKC  (Ab-2;  Oncogene).  Wells  were  subsequently  rinsed 
with  wash  buffer  (PBS,  0.1%  Tween),  followed  by  blocking  buffer  (3%  BSA  in  PBS)  for  1 
hr  at  room  temperature.  Blocking  buffer  was  removed,  and  sonicated  HUVEC  cell  extracts 
were  added  and  incubated  for  2  hr  at  room  temperature.  Wells  were  washed  three  times  with 
wash  buffer,  and  2  ^g/ml  of  recombinant  annexin  V  was  added  to  the  wells,  which  were 
incubated  overnight  at  4°C.  Unbound  protein  was  removed  by  three  applications  of  wash 
buffer.  Binding  of  annexin  V  to  PKC  was  detected  with  an  anti-annexin  V  antibody  (diluted 
1/100)  followed  by  an  HRP-conjugated  anti-goat  IgG. 

Western  Blot  Analysis  and  Immunoprecipitation 

For  Western  blotting,  total  cell  extracts  were  prepared  from  MDA-MB-435  breast  carcinoma 
cells  and  HUVECs  by  solubilization  in  SDS  sample  buffer.  Lysates  were  resolved  on  4%- 
20%  gradient  SDS-polyacrylamide  (SDS-PAGE)  gels,  and  proteins  were  transferred  to 
nitrocellulose  membranes.  The  membranes  were  blocked  and  incubated  with  primary 
antibodies  diluted  in  blocking  buffer  (anti-VVISYSMPD  antibody  diluted  1:3000;  anti- 
annexin  V  antibody  diluted  1:200).  The  membranes  were  washed  and  were  incubated  with 
secondary  antibodies,  a  horseradish  peroxidase-linked  conjugate  of  anti-rabbit  or  anti-goat 
IgG.  Reactive  bands  were  visualized  using  Enhanced  Chemiluminescence  (ECL)  (Pierce). 
For  immunoprecipitation,  cells  were  lysed  in  cytoplasmic  buffer  containing  1%  NP-40,  2 
mM  CaCl2,  and  a  protease  inhibitor  cocktail  (Sigma).  After  a  preclearing  with  protein  A- 

Sepharose  (Amersham  Pharmacia  Biotech),  1  ^g/ml  annexin  V  or  Ps  integrin  antibodies  was 
added  to  the  lysates.  Two  hours  later,  antibody  complexes  were  isolated  with  30  M  of  protein 
A-Sepharose  and  washed  three  times  with  lysis  buffer  before  addition  of  loading  buffer. 
Proteins  were  resolved  on  4%-20%  gradient  SDS-PAGE  gels,  and  annexin  V  was  detected 
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by  Western  blot  as  described  above. 

Protein  Biochemistry  and  High-Pressure  Liquid  Chromatography 

We  used  standard  protocols  for  antigen  purification  by  affinity  chromatography  (Dean  et  al. 
1985  and  Gilbert  1987).  MDA-MB-435  cells  were  lysed  in  water,  sonicated  for  1  min, 
clarified  by  centrifugation  (100,000  x  g  for  1  hr),  and  treated  with  a  protease  inhibitor 
cocktail  (Sigma).  The  supemate  were  loaded  onto  a  200  ml  gel  filtration  Superdex  75  column 
(Pharmacia  LKB  Biotech)  preequilibrated  with  50  mM  Tris  (pH  7.5),  50  mM  NaCl.  One- 
milliliter  fractions  were  collected  and  analyzed  by  Western  blotting  with  purified  IgG  from 
serum  raised  against  the  VVISYSMPD  peptide  (and  it  was  repeated  for  every  purification 
stage).  Fractions  recognized  by  the  anti- VVISYSMPD  antibody  from  the  gel  filtration  step 
were  subjected  to  Mono-Q  (HR  5/5)  anion  exchange  high-pressure  liquid  chromatography 
(Pharmacia).  The  column  was  loaded  with  buffer  A  (10  mM  Tris-HCl  [pH  7.5])  and  was 
eluted  with  a  linear  0-0.5  M  NaCl  gradient,  and  1  ml  fractions  were  collected.  Proteins  in 
fractions  positive  for  the  anti-VVISYSMPD  peptide  were  concentrated,  separated  on  4%- 
20%  gradient  SDS-PAGE  gels  (BioRad),  and  stained  with  colloidal  Coomassie  blue.  The 
reactive  bands  were  excised  from  the  gel  and  digested  with  trypsin,  essentially  as  described 
previously  (Shevchenko  et  al.,  1996).  The  resulting  tryptic  peptide  mixtures  were  analyzed 
by  microcolumn  liquid  chromatography-tandem  mass  spectrometry.  The  protein  was 
determined  to  be  human  annexin  V  by  peptide  mass  fingerprinting  and  a  BLAST  search  of 
the  GenPept  database  (ftp://ftp.ncbi.nlm.nih.gov/genbank/genpept.fsa.gz). 

In  Vitro  and  In  Vivo  Neovascularization  Assays 

Matrigel  (150  ffl  per  well;  BD  Pharmingen)  was  added  to  24-well  tissue  culture  plates  and 
was  allowed  to  solidify  at  37°C  for  10  min  (Montesano  et  al..  1983).  HUVECs  were  starved 
in  basal  EBM-2  media  for  18-24  hr.  Ten  thousand  cells  were  added  to  triplicate  wells  and 
allowed  to  settle  onto  Matrigel  for  30  min  at  37°C.  The  media  were  replaced  by  fresh 
complete  EBM-2  media  with  or  without  peptide  chimeras  (12  ^M).  The  plates  were 
photographed  with  an  inverted  microscope  (Olympus)  24  hr  later.  In  vivo  neovascularization 
assays  were  carried  out  by  injection  of  ice-cold  Matrigel  (250  M)  containing  VEGF  (75 
ng/ml)  and  bFGF  (200  ng/ml)  plus  12  Wvl  penetratin  or  Pen-VVISYSMPD  subcutaneously 
into  the  flanks  of  athymic  nude  mice  (Prewett  et  ak,  1999).  Five  days  later,  each  mouse  was 
injected  intravenously  with  20  ^g  FITC-lectin  (Vector  Laboratories).  The  plugs  were 
harvested  after  30  min  and  were  homogenized  in  500  M  of  RIPA  buffer  (lx  PBS,  1% 
nonidet-40,  0.5%  sodium  deoxycholate,  and  0.1%  sodium  dodecyl  sulfate). 
Neovascularization  was  quantified  fluorimetrically  by  measurement  of  the  uptake  of  FITC- 
lectin  into  plugs  (HTS  7000  plus,  Bioassay  reader,  Perkin  Elmer).  Mice  injected  with  FITC- 
lectin  alone  were  used  as  controls  to  determine  the  fluorescence  background.  Data  are  shown 
after  background  subtraction. 
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The  molecular  diversity  of  receptors  in  human  blood  vessels  remains  largely  unexplored.  We  de¬ 
veloped  a  selection  method  in  which  peptides  that  home  to  specific  vascular  beds  are  identified 
after  administration  of  a  peptide  library.  Here  we  report  the  first  in  vivo  screening  of  a  peptide 
library  in  a  patient.  We  surveyed  47,160  motifs  that  localized  to  different  organs.  This  large- 
scale  screening  indicates  that  the  tissue  distribution  of  circulating  peptides  is  nonrandom.  High- 
throughput  analysis  of  the  motifs  revealed  similarities  to  ligands  for  differentially  expressed 
cell-surface  proteins,  and  a  candidate  ligand-receptor  pair  was  validated.  These  data  represent  a 
step  toward  the  construction  of  a  molecular  map  of  human  vasculature  and  may  have  broad  im¬ 
plications  for  the  development  of  targeted  therapies. 


Despite  major  progress  brought  about  by  the  Human  Genome 
Project12,  the  molecular  diversity  of  blood  vessels  has  just 
begun  to  be  uncovered.  Many  therapeutic  targets  may  be  ex¬ 
pressed  in  very  restricted  but  highly  specific  and  accessible  lo¬ 
cations  in  the  vascular  endothelium.  Thus  potential  targets  for 
intervention  may  be  overlooked  in  high-throughput  DNA  se¬ 
quencing  or  in  gene  arrays  because  these  approaches  do  not 
generally  take  into  account  cellular  location  and  anatomical 
and  functional  context. 

We  developed  an  in  vivo  selection  method  in  which  peptides 
that  home  to  specific  vascular  beds  are  selected  after  intra¬ 
venous  administration  of  a  phage-display  random  peptide  li¬ 
brary’.  This  strategy  revealed  a  vascular  address  system  that 
allows  tissue-specific  targeting  of  normal  blood  vessels0  and 
angiogenesis-related  targeting  of  tumor  blood  vessels6"0. 
Although  the  biological  basis  for  such  vascular  heterogeneity 
remains  unknown,  several  peptides  selected  by  homing  to 
blood  vessels  in  mouse  models  have  been  used  by  several 
groups  as  carriers  to  guide  the  delivery  of  cytotoxic  drugs”,  pro- 
apoptotic  peptides6,  metalloprotease  inhibitors7,  cytokines". 
fluorophores,?  and  genes13.  Generally,  coupling  to  homing  pep¬ 
tides  yields  targeted  compounds  that  are  more  effective  and 
less  toxic  than  the  parental  compound89 11 .  Moreover,  vascular 
receptors  corresponding  to  the  selected  peptides  have  been 
identified  in  blood  vessels  of  normal  organs"  and  in  tumor 
blood  vessels'5,16.  Together,  these  results  show  that  it  is  possible 


to  develop  therapeutic  strategies  based  on  selective  expression 
of  vascular  receptors'7. 

Although  certain  ligands  and  receptors  isolated  in  mouse 
models  have  been  useful  to  identify  putative  human  ho¬ 
mologs'0'5,  it  is  unlikely  that  targeted  delivery  will  always  be 
achieved  in  humans  using  mouse-derived  probes.  Data  from 
the  Human  Genome  Project  indicate  that  the  higher  complex¬ 
ity  of  the  human  species  relative  to  other  mammalian  species 
derives  from  expression  patterns  of  proteins  at  different  tissue 
sites,  levels  or  times  rather  from  a  greater  number  of  genes' 2.  In 
fact,  several  examples  of  species-specific  differences  in  gene  ex¬ 
pression  within  the  human  vascular  network  have  recently  sur¬ 
faced.  The  divergence  in  the  expression  patterns  of  the 
prostate-specific  membrane  antigen  (PSMA)  between  human 
and  mouse  illustrates  such  species  specificity.  Selective  expres 
sion  of  PSMA  occurs  in  the  human  prostate,  but  not  in  the 
mouse  prostate;  instead,  the  mouse  homolog  of  PSMA  is  ex¬ 
pressed  in  the  brain  and  kidney18.  Additionally,  PSMA  is  a 
marker  of  endothelial  cells  of  tumor  blood  vessels  in  humans'”, 
whereas  the  mouse  homolog  of  PSMA  is  undetectable  in 
tumor-associated  neovasculature  in  the  mouse  (W.D.  Heston, 
pers.  comm.).  Another  example  of  such  divergence  is  the  TEM7 
gene,  which  is  highly  expressed  in  a  selective  manner  in  the 
endothelium  of  human  colorectal  adenomas20.  By  contrast, 
mouse  Teni7  is  expressed  not  in  tumor  blood  vessels  but  in 
Purkinje  cells  instead2'.  Thus,  striking  species-specific  differ- 
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Fig.  1  In  vivo  phage-display  screening  for  pep¬ 
tides  that  home  to  human  tissues  through  the 
systemic  circulation,  m.  Schematic  flowchart  of 
the  study,  b,  Phage  recovery  from  various  human 
tissues  in  vivo .  Tissue  samples  were  processed 
and  phage  recovered  as  described  in  Methods. 
Shown  are  means  ±  s.e.m.  of  phage  transducing 
units  (TU)  per  gram  of  tissue  obtained  from  each 
biopsy  site. 


ences  in  protein  expression  and  ligand-receptor  accessibility 
dictates  that  vascular  targeting  data  obtained  in  animal  models 
must  be  carefully  evaluated  before  extrapolating  to  human 
studies. 

Screening  phage-display  libraries  in  humans 

We  reasoned  that  in  vivo  selection  of  phage-display  random 
peptide  libraries  in  humans  would  advance  the  identification 
of  human  vascular  targeting  probes  and  facilitate  development 
of  targeted  delivery  of  therapeutic  and  imaging  agents  to  the 
vasculature.  This  study  reports  the  initial  step  toward  develop¬ 
ing  an  in  vivo  phage  display-based,  ligand-receptor  map  of 
human  blood  vessels. 

A  large-scale  preparation  of  a  phage  random  peptide  library 
containing  the  insert  CX7C  (C,  cysteine;  X,  any  amino-acid 
residue)  and  designed  to  display  a  constrained  cyclic  loop 
within  the  pill  capsid  protein  was  optimized  to  create  the  high¬ 
est  possible  insert  diversity*.  The  diversity  of  the  library  was  ap¬ 
proximately  2  x  10K  and  its  final  titer  was  approximately  1  x 
10'2  transducing  units  (TU)  per  ml. 

A  patient  (see  Methods)  received  an  intravenous  infusion  of 
the  unselected  random  phage  library,  and  15  min  after  infu¬ 
sion  tissue  biopsies  were  obtained  to  provide  histopathological 
diagnosis  and  to  recover  phage  from  various  organs  (Fig.  la). 

1  lere  we  demonstrate  the  feasibility  of  producing  phage-dis¬ 
play  random  peptide  libraries  on  a  very  large  scale  and  of  se¬ 
lecting  phage  clones  that  home  to  different  human  organs  in 
vivo  through  the  systemic  circulation  (Fig.  1  b). 

High-throughput  analysis  of  selected  peptides 

To  analyze  the  distribution  of  inserts  from  the  random  peptide 
library,  we  designed  a  high-throughput  pattern  recognition 
software  to  analyze  short  amino-acid  residue  sequences.  This 
automated  program  allowed  surveillance  of  peptide  inserts  re¬ 
covered  from  the  phage  library  screening. 

Based  on  SAS  (version  8;  SAS  Institute)  and  Perl  (version  5.0), 
the  program  conducts  an  exhaustive  amino-acid  residue  se¬ 
quence  count  and  keeps  track  of  the  relative  frequencies  of  n 


distinct  tripeptide  motifs  representing  all 
possible  nA  overlapping  tripeptide  motifs  in 
both  directions  (n  «  ji,).  This  analysis  was 
applied  for  phage  recovered  from  each  tar¬ 
get  tissue  and  for  the  unselected  CX7C  ran¬ 
dom  phage-display  peptide  library.  Counts 
were  recorded  for  all  overlapping  interior 
tripeptide  motifs,  subject  only  to  reflection 
and  single-voting  restrictions.  No  peptide 
was  allowed  to  contribute  more  than  once 
for  a  single  tripeptide  motif  (or  a  reversed 
tripeptide  motif).  Tripeptide  motifs  in  both 
directions  are  chemically  nonsymmetrical 
and  not  necessarily  equivalent.  However, 
because  we  often  recovered  forward  and 
reverse  tripeptides  recognizing  the  same 
receptor  by  in  vivo  phage  display,  we  chose 
to  take  reflection  into  account,  with  the 
understanding  that  this  is  not  a  general 
feature  that  is  applicable  to  every 
ligand-receptor  pair  interaction.  Each 
peptide  contributed  five  Lripeptide  motifs. 
Tripeptide  motif  counts  were  conditioned 
on  the  total  number  for  all  motifs  being 
held  fixed  within  a  tissue.  The  significance  of  association  of  a 
given  allocation  of  counts  was  assessed  by  the  Fisher’s  exact  test 
(one-tailed).  Results  were  considered  statistically  significant  at  P 
<  0.05.  In  summary,  to  test  for  randomness  of  distribution,  we 
compared  the  relative  frequencies  of  a  particular  tripeptide 
motif  from  each  target  to  those  of  the  motifs  from  the  unse¬ 
lected  library;  such  an  approach  is  intrinsically  a  large-scale 
contingency  table  association  test. 

Distribution  of  tripeptide  motifs  in  vivo 

To  determine  the  distribution  of  the  peptide  inserts  homing 
to  specific  sites  after  intravenous  administration,  we  com¬ 
pared  the  relative  frequencies  of  every  tripeptide  motif  from 
each  target  tissue  to  those  from  the  unselected  library.  We  an¬ 
alyzed  4,716  phage  inserts  recovered  from  representative 
samples  of  five  tissues  (bone  marrow,  fat,  skeletal  muscle, 
prostate  and  skin)  and  from  the  unselected  library.  Tripeptide 
motifs  were  chosen  for  the  phage  insert  analysis  because 
three  amino-acid  residues  seem  to  provide  the  minimal 
framework  for  structural  formation  and  protein-protein  in¬ 
teraction22.  Examples  of  such  biochemical  recognition  units 
and  binding  of  ligand  motifs  to  their  receptors  include  RGD, 
LDV  and  LLG  to  integrins2124,  NGR  to  aminopeptidase 
N/CD13  (refs  11,15)  and  GFE  to  membrane  dipeptidase4  u. 
Each  phage  insert  analyzed  contained  seven  amino  acid 
residues  and  contributed  five  potential  tripeptide  motifs; 
thus,  counting  both  peptide  orientations,  a  total  of  47,160 
tripeptide  motifs  were  surveyed. 

Comparisons  of  the  motif  frequencies  in  a  given  organ  rela¬ 
tive  to  those  frequencies  in  the  unselected  library  demon 
strate  the  nonrandom  nature  of  the  peptide  distribution 
(Table  1);  such  a  bias  is  particularly  noteworthy  given  that 
only  a  single  round  of  in  vivo  screening  was  performed.  Of  the 
tripeptide  motifs  selected  from  tissues,  some  were  preferen¬ 
tially  recovered  in  a  single  site  whereas  others  were  recovered 
from  multiple  sites.  These  data  are  consistent  with  some  pep¬ 
tides  homing  in  a  tissue-specific  manner  and  others  targeting 
several  tissues.  We  next  adapted  the  ClustalW  software  from 
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the  European  Molecular  Biology  Laboratory25  to  analyze  the 
original  cyclic  phage  peptide  inserts  of  seven  amino-acid 
residues  containing  the  tripeptide  motifs.  This  analysis  re¬ 
vealed  four  to  six  amino-acid  residue  motifs  that  were  shared 
among  multiple  peptides  isolated  from  a  given  organ  (Fig.  2). 
We  searched  for  each  of  these  motifs  in  online  databases 
(through  the  National  Center  for  Biotechnology  Information 
(NCBI;  http://www.ncbi.nlm.nih.gov/BLAST/)  and  found 
that  some  appeared  within  known  human  proteins.  Phage- 
display  technology  is  suitable  for  targeting  several  classes  of 
molecules  (adhesion  receptors,  proteases,  proteoglycans  or 
growth  factor  receptors).  Based  on  extensive  work  performed 
in  murine  models,  the  in  vivo  selection  system  seems  to  favor 
the  isolation  of  peptides  that  recognize  receptors  that  are  se 
lectively  expressed  in  specific  organs  or  tissues17.  As  our  mo¬ 
tifs  are  likely  to  represent  sequences  present  in  circulating 
ligands  (either  secreted  proteins  or  surface  receptors  ex¬ 
pressed  on  circulating  cells)  that  home  to  vascular  receptors, 
we  compiled  a  panel  of  candidate  human  proteins  potentially 
mimicked  by  selected  peptide  motifs  (Table  2). 


Table  1  Peptide  motifs  isolated  by  in  vivo  phage  display  screening 

Target  organ  and  motif 

Motif  frequency 
(%) 

P  value 

Unselected  library 

None 

NA 

NA 

Bone  marrow 

GGG* 

2.3 

0.0350 

GFS* 

1.0 

0.0350 

LWS* 

1.0 

0.0453 

ARL 

1.0 

0.0453 

FGG 

1.1 

0.0453 

GVL 

2.3 

0.0137 

SGT 

1.1 

0.0244 

Fat 

EGG* 

1.3 

0.0400 

LLV" 

1.0 

0.0269 

LSP* 

0.9 

0.0402 

EGR 

1.1 

0.0180 

FGV 

0.9 

0.0402 

Muscle 

LVS* 

2.1 

0.0036 

GER 

0.9 

0.0036 

Prostate 

AGG* 

2.5 

0.0340 

EGR 

1.0 

0.0340 

GER 

0.9 

0.0382 

GVL 

2.3 

0.0079 

Skin 

GRR* 

2.9 

0.0047 

GGH* 

0.9 

0.0341 

GTV* 

0.8 

0.0497 

ARL 

0.8 

0.0497 

FGG 

1.3 

0.0076 

FGV 

1.0 

0.0234 

SGT 

1.0 

0.0234 

Peptide  motifs  isolated  by  in  vivo  phage  display  screening.  Motifs  occurring  in  peptides 
isolated  from  target  organs  but  not  from  the  unselected  phage  library  (Fisher  s  exact 
test,  one-tailed;  P<  0.05).  Number  of  peptide  sequences  analyzed  per  organ;  unselected 
library,  446;  bone  marrow,  521;  fat.  901;  muscle.  850;  prostate.  1,018;  skin.  980 
*,  Motifs  enriched  only  in  a  single  tissue.  Motif  frequencies  represent  the  prevalence  of 
each  tripeptide  divided  by  the  total  number  of  tripeptides  analyzed  in  the  organ. 


Validation  of  candidate  ligands 

It  is  tempting  to  speculate  on  a  few  biologically  relevant  ho¬ 
mology  hits.  For  example,  a  peptide  contained  within  bone 
morphogenetic  protein  3B  (BMP-3B)  was  recovered  from 
bone  marrow.  BMP-3B  is  a  growth  factor  known  to  regulate 
bone  development26.  Thus,  this  protein  may  be  mimicked  by 
the  isolated  ligand  homing  to  that  tissue.  We  also  isolated 
from  the  prostate  a  potential  mi  metope  of  interleukin  1 1  (IL- 
1 1),  which  has  been  previously  shown  to  interact  with  recep¬ 
tors  within  endothelium  and  prostate  epithelium27  2S.  In 
addition  to  secreted  ligands,  motifs  were  also  found  in  several 
extracellular  or  transmembrane  proteins  that  may  operate  se¬ 
lectively  in  the  target  tissue,  such  as  sortilin  in  fat20.  We  have 
also  recovered  motifs  from  multiple  organs;  one  such  peptide 
is  a  candidate  mimic  peptide  of  perlecan,  a  protein  known  to 
maintain  vascular  homeostasis™. 

To  test  the  tissue  specificity  of  the  peptides  selected,  we  de¬ 
veloped  a  phage-overlay  assay  for  tissue  sections.  Because  of 
the  availability  and  well-characterized  interaction  between 
the  candidate  ligand  (IL-11)  and  its  receptor  (IL-llRa).  we 
chose  the  motif  RRAGGS,  a  peptide  mimic  of  1L-1 1  (Table  2), 
for  validation.  We  show  by  phage  overlay  on  human  tissue 
sections  (see  Methods)  that  a  prostate-homing  phage  display¬ 
ing  an  IL- 1 1  peptide  mimic  specifically  bound  to  the  en¬ 
dothelium  and  to  the  epithelium  of  normal  prostate  (Fig.  3a), 
but  not  to  control  organs,  such  as  skin  (Fig.  36).  In  contrast,  a 
phage  selected  from  the  skin  (displaying  the  motif  HGGVG: 
Table  2),  did  not  bind  to  prostate  tissue  (Fig.  3c);  however, 
this  phage  specifically  recognized  blood  vessels  In  the  skin 
(Fig.  3d).  Moreover,  the  immunostaining  pattern  obtained 
with  an  antibody  against  human  IL- 1  IRa  on  normal  prostate 
tissue  (Fig.  3e)  is  undistinguishable  from  that  of  the  CGRRAG- 
G SC -displaying  phage  overlay  (Fig.  3a);  a  control  antibody 
showed  no  staining  in  prostate  tissue  (Fig.  3/).  These  findings 
were  recapitulated  in  multiple  tissue  sections  obtained  from 
several  different  patients. 

Finally,  using  a  ligand-receptor  binding  assay  in  vitro,  we 
demonstrate  the  interaction  of  the  CGRRAGGSC-displaying 
phage  with  immobilized  IL- 1  IRa  at  the  protein-protein  level 
(Fig.  \a).  Such  binding  is  specific  because  it  was  inhibited  by 
the  native  IL- 1 1  ligand  in  a  concentration-dependent  manner 
(Fig.  46).  Preliminary  results  indicate  that  serum  IL- 1 1  is  ele¬ 
vated  in  a  subset  of  prostate  cancer  patients  (C.J.L..  unpub¬ 
lished  observations)  and  that  the  expression  of  IL-llRa  in 
tumors  is  upregulated  in  some  cases  of  human  prostate  cancer 
(M.G.K.,  unpublished  observations);  these  data  may  have 
clinical  relevance. 

Discussion 

Aside  from  in  vivo  phage  display,  use  of  methods  such  as  serial 
analysis  of  gene  expression  (SAGE)  clearly  shows  that  the  ge¬ 
netic  progression  of  malignant  cells  is  paralleled  by  epige¬ 
netic  changes  in  nonmalignant  endothelial  cells  induced  by 
angiogenesis  of  the  tumor  vasculature20.  Because  SAGE  is 
based  on  differential  expression  levels  of  transcripts,  it  fails  to 
address  functional  interactions  (for  example,  binding)  at  the 
protein  protein  level.  The  complexity  of  the  human  endothe¬ 
lium  is  also  apparent  from  recent  studies  showing  that  the 
profde  of  certain  endothelial  cell  receptors  can  vary  depend¬ 
ing  on  ethnic  background31.  In  fact,  in  vivo  phage-display  in 
humans  might  reveal  diversity  of  receptors  expressed  in  the 
blood  vessels  even  at  the  level  of  individual  patients. 
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Fig.  2  Identification  of  extended  homing  motifs  with  the  Clustal  W  pro¬ 
gram  (European  Molecular  Biology  Laboratory;  EMBL)  a  and  b.  Peptide  se¬ 
quences  containing  selected  tripeptides  (Table  1)  preferentially  isolated 
from  each  single  tissue  (a)  or  in  multiple  tissues  (b)  were  aligned  in  clusters 
to  obtain  longer  motifs  shared  between  different  peptides  from  each  clus¬ 
ter.  The  software  registers  sequence  identities  and  similarities  among  multi¬ 
ple  peptide  sequences  and  aligns  the  sequences  by  placing  peptides  with 
the  most  similarity  or  identity  next  to  one  another.  Similarity  between  pep¬ 
tides  at  the  level  of  amino-acid  class  is  color-coded:  red,  hydrophobic; 
green,  neutral  and  polar;  pink,  basic;  blue,  acidic.  The  original  and  ex¬ 
tended  peptide  motifs  are  highlighted  in  yellow. 


However,  our  validation  studies  show  that  at 
least  some  ligand  receptor  pairs  are  de¬ 
tectable  in  multiple  unrelated  subjects. 
Another  advantage  of  the  method  described 
here  is  that  selected  targeting  peptides  bind 
to  native  receptors  as  they  are  expressed  in 
vivo.  Even  if  a  ligand  receptor  interaction  is 
mediated  through  a  conformational  rather 
than  a  linear  epitope,  it  is  possible  to  select 
binders  in  the  screening.  Furthermore,  it  is 
often  difficult  to  ensure  that  proteins  ex¬ 
pressed  in  array  systems  maintain  the  correct 
structure  and  folding.  Thus,  peptides  se¬ 
lected  in  vivo  may  be  more  suitable  to  clini¬ 
cal  applications. 

Precedent  exists  to  suggest  that  phage  can 
be  safely  administered  to  patients,  as  bacte¬ 
riophage  were  used  in  humans  during  the 
pre-antibiotic  era32.  Ultimately,  it  may  be¬ 
come  possible  to  determine  molecular  pro¬ 
files  of  blood  vessels  in  specific  conditions; 
infusing  pliagc  libraries  systcmically  before 
resections  of  lung,  prostate,  breast  and  col¬ 
orectal  carcinomas,  or  even  regionally  before 
resection  of  limb  sarcomas  may  yield  useful 
vascular  targets.  Exploiting  this  experimen¬ 
tal  paradigm  systematically  with  the  analyti¬ 
cal  tools  developed  here  may  permit  the 
construction  of  a  molecular  map  outlining 
vascular  diversity  in  each  human  organ,  tis¬ 
sue  or  disease.  Translation  of  high-through- 
put  in  vivo  phage-display  technology  may 
provide  a  contextual  and  functional  link  be¬ 
tween  genomics  and  proteomics.  Based  on 
the  therapeutic  promise  of  peptide-  or  f>ep- 
tidomimetic-targeting  probes33,  clinical  ap¬ 
plications  are  likely  to  follow. 

Methods 

Patient  selection  and  clinical  course.  A  48-y-old 
male  Caucasian  patient  was  diagnosed  with 
Waldenstrom  macroglobulinemia  (a  B-cell  malig¬ 
nancy)  and  previously  treated  by  splenectomy,  sys¬ 
temic  chemotherapy  (fludarabine,  mitoxantrone 
and  dexamethasone)  and  immunotherapy  (anti- 
CD20  monoclonal  antibody).  In  the  few  months 
preceding  his  admission,  the  disease  became  refrac¬ 
tory  to  treatment  and  clinical  progression  with 
retroperitoneal  lymphadenopathy,  pancytopenia 
and  marked  bone  marrow  infiltration  by  tumor  cells 
occurred.  The  patient  was  admitted  with  massive  in¬ 
tracranial  bleeding  secondary  to  thrombocytopenia. 
Despite  prompt  craniotomy  and  surgical  evacuation 
of  a  cerebral  hematoma,  the  patient  remained  co¬ 
matose  with  progressive  and  irreversible  loss  of 
brainstem  function  until  the  patient  met  the  formal 
criteria  for  brain-based  determination  of  death34; 
such  determination  was  carried  out  by  an  indepen¬ 
dent  clinical  neurologist  not  involved  in  the  project. 
Because  of  his  advanced  cancer,  the  patient  was 
considered  and  rejected  as  transplant  organ  donor. 
After  surrogate  written  informed  consent  was  ob¬ 
tained  from  the  legal  next  of  kin,  the  patient  was  en¬ 
rolled  in  the  clinical  study.  Disconnection  of  the 
patient  from  life-support  systems  followed  the  pro- 
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Table  2  Examples  of  candidate  human  proteins  mimicked  by  selected  peptide  motifs 


Extended  motif  * 

Human  protein 
containing  the  motif 

Protein  description 

Accession 

number 

Bone  marrow 

PGGG 

Bone  morphogenetic  protein  3B 

Growth  factor,  TGF-P  family  member 

NP_004953 

PGGG 

Fibulin  3 

Fibrillin-  and  EGF-like 

Q12805 

GHHSFG 

Microsialin 

Macrophage  antigen,  glycoprotein 

NP_001242 

Fat 

EGGT 

LTBP-2 

Fibrillin-  and  EGF-like,  TGF-p  Interactor 

CAA86030 

TGGE 

SortHin 

Adipocyte  differentiation-induced  receptor 

CAA66904 

GPSLH 

Protocadherin  gamma  C3 

Cell  adhesion 

AAD43784 

Muscle 

GGSVL 

ICAM-1 

Intercellular  adhesion  molecule 

P05362 

LVSGY 

Flt4 

Endothelial  growth  factor  receptor 

CAA48290 

Prostate 

RRAGGS 

Interleukin  1 1 

Cytokine 

NP_000632 

RRAGG 

Smad6 

Smad  family  member 

AAB941 37 

Skin 

GRRG 

TGF-pl 

Growth  factor,  TGF-p  family  member 

XP_008912 

HGG+G 

Neuropilin-1 

Endothelial  growth  factor  receptor 

AAF44344 

♦PHGG 

Pentaxin 

Infection/trauma-induced  glycoprotein 

CAA451 58 

PHGG 

Macrophage- inhibitory  cytokine- 1 

Growth  factor,  TGF-p  family  member 

AAB8867  3 

♦PHGG 

Desmoglein  2 

Epithelial  cell  junction  protein 

S38673 

VTG+SG 

Desmoglein  1 

Epidermal  cell  junction  protein 

AAC83817 

Multiple  organs 

EGRG 

MMP-9 

Gelatinase 

AAH06093 

GRGE 

ESM-1 

Endothelial  cell-specific  molecule 

XP_003781 

NFGW 

CDO 

Surface  glycoprotein,  Ig-  and  fibronectin-like 

NP_058648 

GERIS 

BPA1 

Basement  membrane  protein 

NP.001714 

SIREG 

Wnt-16 

Glycoprotein 

Q9UBV4 

+GVLW 

Sialoadhesin 

Ig-like  lectin 

AAK00757 

WLVG+ 

IL-5  receptor 

Soluble  interleukin  5  receptor 

CAA44081 

GGFR 

Plectin  1 

Endothelial  focal  junction-localized  protein 

CAA91196 

GGFF 

TRANCE 

Cytokine.  TNF  family  member 

AAC51762 

♦SGGF 

MEGF8 

EGF-like  protein 

T00209 

PSGTS 

ICAM-4 

Intercellular  adhesion  glycoprotein 

Q14773 

♦TGSP 

Perlecan 

Vascular  repair  heparan  sulfate  proteoglycan 

XP.001825 

For  similarity  searches,  tripeptide  motif-containing  peptides  (in  either  orientation)  selected  by  in  vivo  phage  display  screening  were  used  ’Extended  motifs  containing  at  least  4-6 
amino  acid  residues  (Fig.  2)  were  analyzed  using  BLAST  (NCBI)  to  search  for  similarity  to  known  human  proteins.  Examples  of  candidate  proteins  potentially  mimicked  by  the  pep¬ 
tides  selected  in  the  in  vivo  screening  are  listed.  Sequences  correspond  to  the  regions  of  100%  identity  between  the  peptide  selected  and  the  candidate  protein  Conserved  amino 
acid  substitutions  are  indicated  as  (+).  Tripeptides  shown  in  Table  1  are  highlighted.  TGF,  transforming  growth  factor;  TNF,  tumor  necrosis  factor 


cedure.  This  study  strictly  adheres  to  current  medical  ethics  recommen¬ 
dations  and  guidelines  regarding  human  research35,  and  it  has  been  re¬ 
viewed  and  approved  by  the  Clinical  Ethics  Service,  the  Institutional 
Biohazard  Committee.  Clinical  Research  Committee  and  the 
Institutional  Review  Board  of  the  University  of  Texas  M.D.  Anderson 
Cancer  Center. 

The  University  of  Texas  and  researchers  (W.A.  and  R.P.)  have  equity 
in  NTTX  Biotechnology,  which  is  subjected  to  certain  restrictions  under 
university  policy:  the  university  manages  the  terms  of  these  arrange¬ 
ments  in  accordance  to  its  conflict-of-interest  policies. 

In  vivo  phage  display.  Short-term  intravenous  infusion  of  the  phage  li¬ 
brary  (a  total  dose  of  1  x  10"  phage  TU  suspended  in  100  ml  of  saline)  into 
the  patient  was  followed  by  multiple  representative  tissue  biopsies. 
Prostate  and  liver  samples  were  obtained  by  needle  biopsy  under  ultra¬ 
sonographic  guidance;  skin,  fat-tissue  and  skeletal -muscle  samples  were 


obtained  by  a  surgical  excision.  Bone-marrow  needle  aspirates  and  core 
biopsy  samples  were  also  obtained.  Histopathological  diagnosis  was  deter¬ 
mined  by  examination  of  frozen  sections  processed  from  tissues  obtained 
at  the  bedside.  Triplicate  samples  were  processed  for  host  bacterial  infec¬ 
tion,  phage  recovery  and  histopathological  analysis.  In  brief,  tissues  were 
weighed,  ground  with  a  glass  Dounce  homogenizer,  suspended  in  1  ml  of 
DMEM  containing  proteinase  inhibitors  (DMEM-prin;  1  mM  phenyl- 
methylsulfonyl  fluoride  (PMSF),  20  pg/ml  aprotinin,  and  1  pg/ml  leu- 
peptin),  vortexed.  and  washed  three  times  with  DMEM-prin.  Next,  human 
tissue  homogenates  were  incubated  with  1  ml  of  host  bacteria  (log  phase 
Escherichia  coli  K91kan;  OD^o  **  2).  Aliquots  of  the  bacterial  culture  were 
plated  onto  Luria-Bertani  agar  plates  containing  40  pg/ml  tetracycline  and 
100  pg/ml  of  kanamycin.  Plates  were  incubated  overnight  at  37  #C. 
Bacterial  colonies  were  processed  for  sequencing  of  phage  inserts  recov¬ 
ered  from  each  tissue  and  from  unselected  phage  library.  Human  samples 
were  handled  with  universal  blood  and  body  fluid  precautions. 
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Statistical  analysis.  Let  p  be  the  probability  of  observing  a  particular 
tripeptide  motif  under  total  randomness,  and  q  =  1  -  p.  Under  such  para 
meters,  the  probability  of  observing  K  sequences  characterized  as 
a  particular  tripeptide  motif  out  of  n,  total  tripeptide  motif  sequences 
is  binomial  (n3.  p)  and  may  be  approximated  by  the  equation 
Pi  =  <D((*  ♦  1)/sgrr(n3  pq )]  -  <t>[k/sqrt{ns  pq)].  where  a>  is  the  usual  cumu¬ 
lative  Gaussian  probability.  The  value  p*  may  be  treated  as  a  P  value  in 
testing  for  total  randomness  of  observing  exactly  K  sequences  of  a  par¬ 
ticular  tripeptide  motif.  However,  this  test  requires  exact  knowledge  of 
the  true  value  of  p,  which  it  is  difficult  to  obtain  in  practice  with  cer¬ 
tainty.  Therefore,  to  identify  the  motifs  that  were  isolated  in  the  screen- 


Fig.  3  Validation  of  the  candidate  receptor-ligand  pairs  resulting  from 
the  in  vivo  selection,  m-t.  Phage  clones  isolated  from  prostate  and  from 
skin  were  evaluated  for  binding  to  human  tissues  in  an  overlay  assay. 
Shown  are  paraffin-embedded  tissue  sections  of  human  prostate  (a.  c.  e 
and  0  and  of  human  skin  ( b  and  d)  overlaid  with  prostate-homing  CGR¬ 
RAGGSC-displaying  phage  (a  and  b)  or  skin-homing  CHGGVGSGC-dis- 
playing  phage  (c  and  d).  Phage  were  detected  by  using  an  anti-M13 
phage  antibody.  In  e.  IL-1  IRa  expression  was  determined  by  conven¬ 
tional  immunostaining  with  an  anti-IL-11Ra  antibody;  a  and  e  show 
similar  immunostaining  patterns  (brown  staining),  f,  Negative  control 
antibody  on  prostate  tissue  sections.  Arrowheads,  positive  endothelium; 
asterisks,  positive  epithelium.  Scale  bar,  160  pm  (a,  c,  e  and  t );  40  pm 
( b  and  d). 


ing,  the  count  for  each  tripeptide  motif  within  each  tissue  was  compared 
with  the  count  for  that  tripeptide  motif  within  the  unselected  library. 

Immunocytochemistry  and  phage  overlays  Immunohistochemistry 
on  sections  of  fixed  human  paraffin-embedded  tissues  was  done  using 
the  LSAB+  peroxidase  kit  (DAKO,  Carpinteria,  California)  as  described3. 
For  overlay  experiments,  phage  was  used  at  the  concentration  of  5  x 
1010  TU/ml.  For  phage  immunolocalization,  a  rabbit  anti-fd  bacterio¬ 
phage  antibody  (B-7786;  Sigma)  was  used  at  1:500  dilution.  For  IL- 
11Ra  immunolocalization.  a  goat  antibody  (sc-1947;  Santa  Cruz 
Biotechnology,  Santa  Cruz,  California)  was  used  at  1:10  dilution.  Phage 
binding  to  tissue  sections  was  evaluated  by  the  intensity  of  immunos 
taining  relative  to  controls. 

In  vitro  protein  binding  assays.  Recombinant  (R&D  Systems, 
Minneapolis,  Minnesota)  interleukin- 11  receptor  a  (IL-lIRa).  vascular 
endothelial  growth  factor  receptor-1  (VEGFR1),  and  leptin  receptor  (OB- 
R)  were  immobilized  on  microtiter  wells  (at  1  pg  in  50  pi  PBS)  overnight 
at  4°C,  washed  twice  with  PBS,  blocked  with  3%  BSA  in  PBS  for  2  h  at 
room  temperature,  and  incubated  with  lx  109  TU  of  CGRRAGGSC-dis- 
playing  phage  in  50  pi  of  1.5%  BSA  in  PBS.  An  unrelated  phage  clone 
(displaying  the  peptide  CRVDFSKGC)  and  insertless  phage  (fd-tet)  were 
used  as  controls.  After  1  h  at  room  temperature,  wells  were  washed  nine 
times  with  PBS,  after  which  bound  phage  were  recovered  by  bacterial  in¬ 
fection  and  plated  as  described3.  Either  IL-11  or  11-1  (negative  control) 
was  used  to  inhibit  phage  binding  to  IL-11  Ra.  Phage  were  incubated 
with  the  immobilized  IL-11  Ra  in  the  presence  of  increasing  concentra¬ 
tions  of  either  IL-1 1  or  IL-1 .  Binding  of  CGRRAGGSC-displaying  phage  on 
immobilized  IL-1  IRa  in  the  absence  of  interleukins  was  set  to  100%. 


b 


Interleukin  concentration  (pM) 


Fig.  4  Characterization  of  CGRRAGGSC-displaying  phage  binding  proper 
ties  by  using  purified  receptors  in  vitro,  a,  Recombinant  interleukin- 1 1  re¬ 
ceptor  a  (IL-1  IRa),  vascular  endothelial  growth  factor  receptor-1  (VEGFR1), 
or  leptin  receptor  (OB-R)  were  incubated  with  the  CGRRAGGSC 
-displaying  phage  (■).  VEGFR1  was  used  as  a  representative  vascular  re¬ 
ceptor;  OB-R  was  used  because  it  is  homologous  to  a  coreceptor  of  IL- 
1 1  Ra.  An  unrelated  phage  clone  (displaying  the  peptide  CRVDFSKGC.  ) 
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and  insertless  phage  (fd-tet,  □)  were  used  as  controls.  Phage  binding 
was  evaluated  and  quantified  as  described  (see  Methods),  b,  Specificity  of 
phage  binding  to  the  IL-1 1  receptor.  Phage  were  incubated  with  the  immo¬ 
bilized  IL-1  IRa  in  the  presence  of  increasing  concentrations  of  either  IL-11 
(native  ligand,  •)  or  IL-1  (negative  control,  O).  The  experiments  were  per¬ 
formed  three  times  with  similar  results.  Shown  are  mean  ±  s.e.m.  from 
triplicate  wells. 
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Here  we  introduce  a  new  approach  for  the  screening,  selection 
and  sorting  of  cell-surface-binding  peptides  from  phage  li¬ 
braries.  Biopanning  and  rapid  analysis  of  selective  interactive 
ligands  (termed  BRASIL)  is  based  on  differential  centrifugation 
in  which  a  cell  suspension  incubated  with  phage  in  an  aqueous 
upper  phase  is  centrifuged  through  a  non-miscible  organic 
lower  phase.  This  single-step  organic  phase  separation  is  faster, 
more  sensitive  and  more  specific  than  current  methods  that  rely 
on  washing  steps  or  limiting  dilution.  As  a  proof-of-principle,  we 
screened  human  endothelial  cells  (ECs)  stimulated  with  vascular 
endothelial  growth  factor  (VEGF)  and  constructed  a  peptide- 
based  ligand-receptor  map  of  the  VEGF  family.  Next,  we  vali¬ 
dated  the  motif  PQPRPL  as  a  novel  chimeric  ligand  mimic  that 
binds  specifically  to  VEGF  receptor-1  and  to  neuropilin-1 .  BRASIL 
may  prove  itself  a  superior  method  for  probing  target  cell  sur¬ 
faces  with  a  broad  range  of  potential  applications. 

Probing  the  molecular  diversity  of  cell  surfaces  is  required  for  the 
development  of  targeted  therapies1.  However,  selections  of 
phage  libraries  on  cell  surfaces  are  often  challenging  experi¬ 
ments.  First,  non-specific  clones  are  recovered  when  phage  li¬ 
braries  are  incubated  with  cell  suspensions  or  monolayers. 
Second,  removal  of  background  by  phage-repeated  washes  is 
both  labor-intensive  and  inefficient.  Third,  cells  and  potential 
ligands  are  lost  during  the  washing  steps  required. 

To  address  these  obstacles,  we  adapted  a  method  termed 
biopanning  and  rapid  analysis  of  selective  interactive  ligands 
(BRASIL)  from  an  assay  described  to  measure  receptor  binding  of 
specific  yet  low-affinity  ligands2  5.  BRASIL  allows  separation  of 
phage-cell  complexes  from  the  remaining  unbound  phage;  this 
is  accomplished  by  a  differential  centrifugation  that  drives  the 
cells  from  a  hydrophilic  environment  into  a  non-miscible  or¬ 
ganic  phase.  Because  the  organic  phase  is  hydrophobic,  it  ex¬ 
cludes  water-soluble  materials  surrounding  cell  surfaces.  Bound 
phage  are  recovered  from  the  cell  pellet  whereas  the  unbound 
phage  remain  soluble  in  the  upper  aqueous  phase,  eliminating 
the  need  for  repeated  washes.  As  a  single  centrifugation  step  is 
required,  BRASIL  is  simpler  and  more  convenient  than  current 
cell-panning  techniques.  Mapping  ligand-receptors  by  BRASIL 
may  allow  an  understanding  of  binding  requirements  for  recep¬ 
tor  families  and  enable  peptide  isolation  for  cell-targeting  appli¬ 
cations. 

Cell  binding  to  a  defined  test  phage  ligand 

We  set  out  to  study  cell  binding  by  using  BRASIL  to  test  an  estab¬ 
lished  ligand-receptor  pair.  Experiments  were  designed  using 
RGD-4C  [authors:  Ala-Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys- 
Gly  OK  here?]  phage  (displaying  the  motif  ACDCRGDCFCG, 
termed  RGD-4C  peptide),  which  is  a  specific  ligand  for  av  inte- 
grins68.  We  reasoned  that  cell-surface-bound  phage  could  be 
specifically  carried  through  an  organic  phase  and  recovered  by 
infection  of  the  host  bacteria,  av  integrin-expressing  Kaposi’s 


sarcoma  cells  (KS1767)  cells  were  detached,  incubated  on  ice 
with  RGD-4C  phage  or  control  insertless  phage  (termed  fd-tet), 
and  the  mixture  was  separated  by  differential  centrifugation 
through  the  organic  phase.  The  number  of  phage  transducing 
units  (TU)  recovered  from  the  cell  pellets  is  shown  in  Fig.  la. 
Phage  recovery  correlated  directly  with  increasing  phage  input 
and  the  recovery  ratio  (phage  output  from  organic  lower 
layer/phage  input  from  aqueous  upper  layer)  decreased  with 
host  bacteria  saturation  (Fig.  la).  Under  non-saturating  condi¬ 
tions,  the  ratio  of  specific  (RGD-4C)  phage  to  control  (fd-tet) 
phage  (termed  ‘enrichment’)  ranged  from  100  to  500.  We  show 
that  the  binding  of  RGD-4C  phage  to  KS1767  cells  is  specific  be¬ 
cause  such  cell-phage  binding  is  inhibited  by  the  corresponding 
synthetic  RGD-4C  peptide  in  a  dose-dependent  manner;  nega¬ 
tive  control  peptides  GRGESP  (Fig.  1  b)  or  CARAC  (data  not 
shown)  at  the  same  molar  concentrations  had  no  inhibitory  ef¬ 
fect.  No  phage  were  present  at  the  bottom  of  the  tube  or  in  the 
organic  phase  in  the  absence  of  KS1767  cells  (data  not  shown). 
Next,  we  compared  BRASIL  with  conventional  cell-panning 
strategies  that  require  washing  steps.  The  number  of  RGD-4C 
phage  recovered  by  BRASIL  was  significantly  higher  (f-test,  P  < 
0.01)  than  the  number  of  the  same  phage  recovered  when  a  con¬ 
ventional  phage-cell  binding  strategy  involving  washing  was 
used  (Fig.  lc).  Conversely,  significantly  lower  background  (f-test, 
P<  0.01)  with  the  negative  control  phage  was  observed  (Fig.  lc). 
Given  the  significant  increase  in  recovery  of  specific  phage  and 
the  substantial  decrease  in  background,  the  overall  accuracy 
(cell-specific  phage  recovery)  improved  consistently  by  more 
than  one  order  of  magnitude  when  BRASIL  was  used  relative  to 
conventional  cell-panning  methods. 

Screening  VEGF-stimulated  ECs 

Once  the  method  was  optimized  with  a  well-defined  ligand-re¬ 
ceptor  pair,  we  tested  whether  BRASIL  could  also  be  used  to 
screen  phage  display  random  peptide  libraries  on  cells;  ECs  stim¬ 
ulated  with  vascular  endothelial  growth  factor  (VEGF)  were  used. 
We  designed  a  two-step  panning  strategy  to  isolate  phage  that 
bind  to  angiogenic  ECs.  First,  to  decrease  non-specific  binding, 
we  pre-cleared  the  phage  library  on  starved  ECs  (before  panning 
on  the  same  cell  line  stimulated  with  recombinant  VEGF,65); 
starved  human  umbilical  vein  ECs  (HUVECs)  were  incubated 
with  the  phage  library  and  centrifuged  through  the  organic 
phase  (Fig.  2a).  Second,  the  unbound  phage  pool  left  in  the 
aqueous  phase  was  transferred  to  a  fresh  tube  and  incubated 
with  VEGFlf>5-stimulated  HUVECs.  After  centrifugation  through 
the  organic  phase,  phage  bound  to  the  VEGF,65-stimulated 
HUVEC  pellet  were  recovered  by  bacterial  infection,  amplified 
and  subjected  to  two  more  rounds  of  selection  (Fig.  2a). 

Analysis  of  phage-displayed  peptides 

To  test  the  selection  method,  we  compared  21  phage  clones  ran¬ 
domly  chosen  for  binding  to  starved  HUVECs  and  to  VEGF-stim- 


NATURE  MEDICINE  •  VOLUME  7  •  NUMBER  11  •  NOVEMBER  2001 


1 


> 


ARTICLES 


ulated  HUVECs.  Fourteen  out  of  2 1  clones  (67%)  had  a  greater 
than  150%  enhancement  (range,  1.5-8.7-fold;  median,  2.2-fold) 
in  the  ratio  of  cell  binding  upon  VEGF  stimulation  normalized 
to  control  insertless  phage  (data  not  shown).  Sequence  align¬ 
ment  analysis  of  34  clones  randomly  chosen  from  the  selected 
phage  revealed  that  24  clones  (70%)  of  the  phage  recovered  by 
BRASIL  had  peptide  motifs  that  could  be  mapped  to  sequences 
present  in  VEGF  family  members  (Table  1). 

Next,  we  chose  the  CPQPRPLC  phage  and  CNIRRQGC  phage 
(a  representative  phage  out  of  three  different  clones  displaying 
the  motif  IRRF/Q)  for  in  vitro  phage  binding  assay  on  VEGF  recep¬ 
tor-1  (VEGFR-1).  The  receptor  was  immobilized  on  a  microtiter 
well-plate  and  incubated  with  CPQPRPLC  phage,  CNIRRQGC 
phage  or  fd-tet  as  a  negative  control.  Both  CPQPRPLC  and  CNIR¬ 
RQGC  phage  bound  to  VEGFR-1  (Fig.  2b).  The  CPQPRPLC  phage 
bound  best  with  an  average  of  over  1 ,000-fold  enrichment  ob¬ 
served  over  each  of  the  controls  used:  CPQPRPLC  phage  binding 
to  VEGFR- 1  over  bovine  serum  albumin  (BSA)  and  CPQPRPLC 
phage  over  fd-tet  phage  binding  to  VEGFR-1  (Fig.  2b). 

The  CPQPRPLC  sequence  matched  motifs  found  within  the 
VEGF-B  isoforms  (Fig.  2c).  VEGF-B  has  two  mRNA  splice  variants 
generated  by  the  use  of  different,  but  overlapping,  reading 
frames  of  exon  6  (isoforms  167  and  186),  which  diverge  in  se¬ 
quence  in  their  C  termini9.  The  pentapeptide  motif  PRPLC  is 
found  in  the  recombinant  human  VEGF  B  167  (VEGF-B1G7)  C  ter¬ 
minus  region  encoded  by  exon  6B.  starting  at  the  second  residue 
after  the  boundary  between  exons  5  and  6B.  PRPLC  is  a  neu- 
ropilin-1  (NRP-1)  binding  domain10.  On  the  other  hand,  the 
tetrapeptide  motif  PQPR — which  overlaps  with  PRPLC  and  also 
with  the  phage-displayed  CPQPRPLC  peptide— is  found  in  the  C 
terminal  of  recombinant  human  VEGF  B  186  (VEGF-B186),  and 
encoded  by  exon  6A.  PQPR  is  embedded  within  a  12-residue 
known  NRP-1  binding  site10.  The  motif  IRRE/Q  also  showed  ho- 
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mology  to  VEGF  family  members  (Table  1)  but  it  was  not  studied 
further  here. 

CPQPRPLC  is  a  chimeric  VEGF  mimic 

We  evaluated  the  binding  of  phage  displaying  the  peptide 
CPQPRPLC  to  a  panel  of  VEGF  receptors  (Fig.  3a).  CPQPRPLC 
bound  to  VEGFR-1  and  to  NRP-1,  but  not  to  VEGF  receptor-2 
(VEGFR- 2)  or  to  neuropilin-2  (NRP-2);  this  pattern  is  the  receptor 
recognition  profile  of  VEGF-B  (ref.  9).  We  show  that  the 
CPQPRPLC  phage  binding  to  VEGFR- 1  and  to  NRP- 1  was  inhib¬ 
ited  by  pre-incubation  with  VEGF,65  (Fig.  3b)  but  not  with 
platelet-derived  growth  factor-p  (PDGF-BB  [AU:  Should  this  be  a 
‘P’?l;  data  not  shown).  These  results  are  consistent  with  the  fact 
that  VEGF.es  and  VEGF-B  isoforms  compete  for  binding  to 
VEGFR-1  (ref.  9)  and  suggest  that  CPQPRPLC  and  VEGF,65  might 
recognize  closely  related  or  overlapping  binding  sites.  Finally,  we 
show  that  the  binding  of  CPQPRPLC  phage  to  the  immobilized 
VEGFR-1  and  NRP-1  is  specific  because  it  can  be  inhibited  by  the 
corresponding  synthetic  peptides  in  a  concentration-dependent 
manner  (Fig.  3c  and  d).  These  data  show  that  1)  CPQPRPLC  is  a 
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Fig.  1  Cell-binding  assays  with  a  defined  av  integrin  phage  lig¬ 
and  and  phage-cell-binding  optimization  with  BRASIL,  a,  Amounts 
of  RGD-4C  phage  (□)  and  insertless  control  phage  (fd-tet;  ■) 
bound  to  KS1767cells  at  increasing  phage  inputs  were  compared. 
b,  Specific  inhibition  of  phage  binding  by  the  cognate  synthetic 
peptide.  RGD-4C  phage  were  incubated  with  KS1767  cells  in  the 
presence  of  increasing  concentrations  of  RGD-4C  peptide  (O)  or  a 


control  peptide  (sequence  GRGESP;  A),  and  the  amounts  of  phage 
bound  were  measured,  c,  Comparison  between  conventional  pan¬ 
ning  methods  and  BRASIL  (■).  RGD-4C  or  control  phage  were  in¬ 
cubated  with  KS1767  cells.  Bound  phage  were  assayed  by  passing 
through  the  organic  phase  or  by  washing  the  cells  3  times  with 
PBS/0.1%  BSA  (□).  The  experiments  were  performed  3  times  with 
similar  results.  Bars  represent  mean  ±  s.e.m.  from  triplicates. 


chimeric  VEGF-B-family  mimic,  and  2)  this  peptide  interacts 
specifically  with  VEGFR- 1  and  NRP- 1 . 

Discussion 

Our  results  show  that  organic  phase  separation  is  an  efficient 
and  convenient  method  for  phage  selection.  On  side-by-side 
comparison  to  current  protocols.  BRASIL  was  more  sensitive  and 
more  specific  than  techniques  that  rely  on  washing  or  limiting 
dilution  steps  to  eliminate  background  during  successive  rounds 
of  selection.  BRASIL  may  represent  an  improvement  over  con¬ 
ventional  cell-panning  methods. 

Because  of  our  interest  in  targeting  vascular  endothe¬ 
lium6  8  nl2.  we  screened  a  phage-display  random  peptide  library 
on  VEGF,65-stimulated  ECs.  We  identified  a  VEGF-receptor  lig¬ 
and  with  the  sequence  CPQPRPLC  that  resembles  the  motif 
PRPLC  (an  NRP-1  binding  site  found  in  VEGF-BI67)  and  the  over¬ 
lapping  motif  PQPR  (found  embedded  within  a  12-residue  NRP- 
1 -binding  epitope  of  VEGF-B186;  ref.  10).  Thus,  the  motif  PQPRPL 
appears  to  be  a  chimera  between  overlapping  binding  sites  on 
different  VEGF-B  isoforms.  Binding  assays  using  individual 


phage  on  a  panel  of  purified  targets  confirmed  that  the 
CPQPRPLC  phage  interacts  specifically  with  VEGF  receptors  in  a 
pattern  consistent  with  VEGF-B-type  ligands9.  These  results  sug¬ 
gest  that  the  C  terminal  regions  of  both  VEGF-B  isoforms  bind  to 
VEGFR- 1  and  NRP-1  and  are  in  agreement  with  recent  results  of 
deletion  and  site-directed  mutagenesis  studies  of  VEGF-B  iso- 
forms10.  Further  mutational  experiments  are  needed  to  confirm 
the  VEGF-B  receptors  that  are  recognized  by  the  motifs  PRPLC 
and  PQPR  individually.  Also  of  importance  is  the  observed  differ¬ 
ence  in  the  ability  of  the  synthetic  peptide  CPQPRPLC  to  block 


Fig.  2  Screening  VEGF165-stimulated  HUVECs  by  BRASIL,  a.  Panning  strat¬ 
egy  to  isolate  phage  that  bind  to  activated  ECs.  Starved  HUVECs  were  incu¬ 
bated  with  the  peptide  phage  library,  and  the  cells  were  separated  by 
centrifugation  through  the  organic  phase.  The  supernatant  containing  the 
unbound  phage  was  transferred  to  VEGF165-stimulated  HUVECs  and  after  in¬ 
cubation,  cells  and  bound  phage  were  separated  by  centrifugation  through 
the  organic  phase.  The  cell-bound  phage  in  the  pellet  were  rescued  by  in¬ 
fection,  amplified  and  used  for  another  round  of  biopanning,  b,  Binding  of 
the  selected  phage  clones  (CPQPRPLC,  CNIRRQGC,  and  control)  to  the  im¬ 
mobilized  VEGFR-1  (■)  compared  with  binding  to  BSA  (□).  VEGFR-1  was 
used  to  coat  the  microtiter  plate.  The  individual  wells  were  then  incubated 
with  equal  amounts  of  each  individual  phage.  Bars  represent  mean  ±  s.e.m. 
from  duplicate  wells,  c,  Homology  analysis  of  the  CPQPRPLC  sequence. 
Exon  organization  of  the  two  VEGF-B  isoforms  (modified  from  ref.  32)  is 
shown.  Sequences  of  exon  6A  of  VEGF-B186  and  of  exon  6B  of  VEGF-B167  [AU: 
GenBank  #'s  removed.  Please  replace  only  in  Methods.]  are  compared 
with  the  sequence  of  the  phage  display-selected  peptide.  Overlapping 
motif  sequences  are  shown  in  colors  corresponding  to  the  respective  exons 
of  origin  (exon  6A,  blue;  exon  6B,  yellow):  CPQPRPLC  is  a  chimera  between 
the  motifs  PQPR  (VEGF-B186,  residues  145-148)  and  PRPLC  (VEGF-B167, 
residues  138-142). 
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Methods 

Reagents.  A  phage  display  random  peptide  library  based  on 
the  vector  fUSE5  (ref.  1 5)  displaying  the  insert  CX6C  (C,  cys¬ 
teine;  X,  any  amino-acid  residue)  was  constructed  with  a  size 
between  1  x  106  and  1  x  107,  as  described16.  Human  VEGF165 
(Pharmingen,  [authors:  city,  state  location  of  company]), 
human  VEGFR-1  (Oncogene  Research  Products,  [authors:  city, 
state  location  of  company]),  rat  NRP-1 /Fc,  rat  NRP-2/Fc, 
VEGFR-2/Fc  (all  3  receptor  domains  fused  to  the  Fc  region  of 
human  IgGO,  PDGF-BB,  anti-VEGFR-1  (polyclonal  anti-FItl), 
and  anti-human  VEGF  polyclonal  antibody  (R&D  Systems,  [au¬ 
thors:  city,  state  location  of  company]),  dibutyl  phthalate, 
cyclohexane  (Sigma-Aldrich)  and  synthetic  peptides  (AnaSpec, 
[authors:  city,  state  location  of  company])  were  obtained 
commercially.  HUVECs  and  KS1767  cells  were  described6  8 12. 

BRASIL  optimization.  Cells  were  collected  with  PBS  and  5  mM 
EDTA,  washed  with  MEM,  and  re-suspended  in  MEM  contain¬ 
ing  1%  BSA  at  1  x  106  cells  per  ml  and  incubated  with  phage 
within  1.5-ml  Eppendorf  tubes.  To  minimize  post-binding 
events  such  as  receptor-mediated  internalization,  cells  and 
media  were  kept  on  ice  unless  otherwise  stated.  After  4  h,  100 
Hi  of  the  cell-phage  suspension  was  gently  transferred  to  the 
top  of  a  non-miscible  organic  lower  phase  (200  |il  [authors: 
|il?  you  had  p]  in  a  400  pl-Eppendorf  tube)  and  centrifuged  at 
1 0,000 g  for  1 0  min.  The  most  suitable  organic  phase  combina¬ 
tion  was  dibutyl  phthalatexyclohexane  (9:1  [v:v];  p  =  1.03  g 
ml 1  [authors:  what  is  p?])  but  other  phthalate  combinations 
with  the  appropriate  density  (dibutyl  phthalate:diisooctyl  ph¬ 
thalate;  4:6  [v:v])  were  used  with  similar  results.  The  tube  was 
snap  frozen  in  liquid  nitrogen,  the  bottom  of  the  tube  sliced 
off,  and  the  cell-phage  pellet  transferred  to  a  new  tube;  this 
optional  freeze-cut  technique  prevents  cross-contamination 
with  the  phage  remaining  in  the  aqueous  phase.  As  part  of  the 
method  optimization,  we  have  tested  the  effects  of  the  organic 
phase  and  of  the  optional  freeze-thaw  phase  on  phage  infectiv- 
ity.  Increasing  amounts  of  phage  (ranging  from  1  x  103  -  1  x 
109)  were  incubated  in  100  pi  of  bacterial  culture  phase  plus 
organic  phase  admixture  (varying  from  0%  to  up  to  20%  v:v 
bacterial  culture).  After  15  min,  bound  phage  were  amplified 
by  the  addition  of  100  pi  of  Eschericia  coli  K91  kan  at  log-phase. 
The  genes  inducing  tetracycline  resistance  in  the  host  bacteria 
were  induced  by  adding  low  tetracycline  concentrations12-1516, 
infection  and  proceeded  for  1  h.  The  triplicates  were  plated  at 
multiple  dilutions,  and  the  number  of  colonies  counted  after 
an  overnight  incubation  of  the  plates  at  37  °C.  No  significant 
differences  in  the  phage  infection  ratios  were  observed  under 
the  conditions  tested.  We  also  compared  phage  recovery  with 
or  without  the  snap-freeze  step  under  each  of  the  conditions. 
No  substantial  decrease  was  noted  in  the  amounts  of  test 
phage  recovered  (data  not  shown).  These  data  suggest  that 
limited  exposure  to  the  organic  mixture  and  a  brief  freeze- 
thaw  had  no  measurable  adverse  affects  on  the  infection  of 
bacteria  and  recovery  of  phage.  However,  because  decreases  in 
phage  infectivity  with  other  phage-peptide  libraries  might 
occur  under  these  conditions,  we  advise  that  these  results 
should  not  be  extrapolated  without  testing.  Bound  phage  were 
rescued  by  infection  with  200  pi  of  E.  coli  K91kan  host  bacteria 
in  log  phase1215,16.  To  evaluate  binding  specificity,  phage  and 
cells  were  incubated  with  the  cognate  or  control  synthetic  pep¬ 


tides  for  competition  assays. 

Binding  assays  with  phage  clones.  KS1767  cells  were  de¬ 
tached  with  cold  EDTA  and  re-suspended  in  MEM  containing 
1%  BSA.  av  integrin-binding  RGD-4C  phage  were  used  as  de¬ 
fined  ligands.  The  cell  suspension  was  incubated  with  RGD-4C 
phage  or  a  control  phage  with  no  peptide  insert  (fd-tet 
phage).  Increasing  amounts  of  either  phage  were  added  to  the 
cells  in  suspension  and  the  cell-phage  admixture  was  then  in¬ 
cubated  for  4  h  on  ice.  Cells  were  then  separated  by  centrifu¬ 
gation  through  the  organic  phase.  Bound  phage  were 
recovered  and  colonies  were  counted.  To  compare  BRASIL  to 
conventional  methods  that  require  an  additional  washing  step, 
200  pi  of  the  cell  suspension  were  incubated  with  phage  for  4 
h  on  ice.  Then,  unbound  phage  from  100-pl  aliquots  were  re¬ 
moved  either  by  centrifuging  over  the  organic  phase  or  by 
washing  the  cells  3  times  with  1  ml  PBS  containing  0.3%  BSA. 
Competitive  inhibition  was  evaluated  by  comparing  synthetic 
RGD-4C  and  control  peptides  (CARAC  or  GRGESP)  at  the  same 
molar  ratios. 

Screening  assays  with  phage  libraries.  HUVECs  at  80%  con¬ 
fluence  cultured  in  endothelial  basal  medium  (EBM-2; 
Clonetics,  [authors:  city,  state  location  of  company])  without 
supplements  for  24  h  were  defined  as  'starved  HUVECs'.  The 
medium  was  then  replaced  by  EBM-2  supplemented  with  20 
ng  ml  1  VEGF165,  and  the  cells,  cultured  under  these  conditions 
for  another  18  h,  were  defined  as  'VEGF-stimulated  HUVECs'. 
Cells  were  collected  with  ice-cold  PBS  and  5  mM  EDTA, 
washed  once  with  EBM-2  plus  1%  BSA,  and  re-suspended  in 
the  same  medium  at  1  x  107  cells  per  ml.  In  the  pre-clearing 
step,  1  x  106  starved  HUVECs  were  incubated  with  1  x  109 
transducing  units  (TU)  of  unselected  library  for  2  h  on  ice;  the 
mixture  was  then  centrifuged  through  the  organic  phase.  In  a 
screening  step,  the  unbound  phage  remaining  in  the  aqueous 
upper  phase  (supernatant)  was  transferred  to  a  fresh  tube  and 
incubated  with  1  x  106  VEGF-stimulated  HUVECs.  After  4  h  on 
ice,  the  cell-phage  complexes  were  separated  by  centrifuga¬ 
tion  through  the  organic  lower  phase.  Phage  were  recovered 
from  the  pellet  by  infection  of  log  phase  E.  coli  K91  kan12,15,16. 

Binding  assays  on  purified  receptors.  VEGFR-1,  VEGFR-2, 
NRP-1  and  NRP-2  (at  1  ng  in  50  |il  PBS)  were  immobilized  on 
microtiter  wells  overnight  at  4  °C.  Wells  were  washed  twice 
with  PBS,  blocked  with  PBS/3%  BSA  for  2  h  at  room  tempera¬ 
ture,  and  incubated  with  1  x  109  TU  of  CPQPRPLC  phage, 
CNIRRQGC  phage  or  fd-tet  phage  in  50  \i\  of  PBS/1.5%  BSA. 
After  1  h  at  room  temperature,  wells  were  washed  9  times  with 
PBS  and  phage  were  recovered  by  bacterial  infection.  Serial  di¬ 
lutions  were  plated  onto  Luria-Bertani  (LB)  medium  supple¬ 
mented  with  tetracycline121516.  VEGF165,  PDGF-BB  or  synthetic 
peptides  were  used  to  evaluate  competitive  inhibition  of  phage 
binding.  ELISA  with  polyclonal  anti-VEGFR-1  serum  or  anti¬ 
human  IgG  (VEGFR-2,  NRP-1  and  NRP-2)  confirmed  the  pres¬ 
ence  and  concentration  of  the  receptors  on  the  wells.  To  show 
that  the  VEGF  receptors  were  functionally  active,  VEGF165  (50 
ng  ml*1)  was  incubated  with  the  immobilized  receptors  for  2  h 
at  room  temperature;  following  three  washes,  VEGF165  binding 
was  evaluated  by  ELISA  by  using  VEGF-specific  antibodies  (data 
not  shown). 
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Fig.  3  Binding  of  the  CPQPRPLC  peptide  to  immo¬ 
bilized  VEGF  receptors.  Recombinant  VEGFR-1  and  -2 
and  NRP-1  and  -2  were  used  to  coat  microtiter  plates. 
CPQPRPLC  or  control  phage  were  added  to  the  wells. 
a.  Binding  of  CPQPRPLC  phage  (■)  and  control 
phage  (□)  to  the  immobilized  receptors,  b,  Inhibitory 
effect  of  VEGFies  on  the  binding  of  CPQPRPLC  phage 
to  VEGF  receptors.  CPQPRPLC  phage  were  incubated 
with  the  immobilized  VEGFR-1  (•)  or  NRP-1  (□)  in 
the  absence  or  presence  of  VEGF165  (0-600  pM).  No 
binding  inhibition  was  observed  by  using  PDGF-BB 
(up  to  8  nM)  as  a  negative  control  (data  not  shown),  c 
and  d.  The  binding  of  CPQPRPLC  phage  to  VEGFR-1 
(c)  and  NRP-1  (d)  is  specific.  The  cognate  peptide 
CPQPRPLC  (A),  but  not  a  control  peptide  (•)  inhibits 
phage  binding  to  the  immobilized  receptor.  Phage 
were  incubated  in  the  presence  of  increasing 
amounts  of  the  synthetic  CPQPRPLC  peptide  or  of  the 
negative  control  peptide  CARAC.  A  specific,  dose-de¬ 
pendent  inhibition  is  noted.  The  experiments  were 
performed  3  times  with  similar  results.  Shown  are 
mean  ±  s.e.m.  from  triplicate  wells. 


phage  binding  to  VEGF  receptors.  Our  results  suggest  that  the 
CPQPRPLC  peptide  is  approximately  100-fold  more  efficient  in 
blocking  phage  binding  to  VEGFR-1  than  to  NRP-1.  It  is  tempt¬ 
ing  to  speculate  that  our  chimeric  motif  interacts  with  VEGF  re¬ 
ceptors  differentially;  if  so,  this  may  be  due  to  differences  in  the 
number  of  peptide-binding  sites  on  each  receptor,  or  in  the 
affinity  of  the  interaction  at  each  binding  site.  Alternatively, 
such  ligand-receptor  interactions  may  be  dependent  on  the  con¬ 
ditions  used  for  the  binding  assay.  Full  understanding  of  binding 
mechanisms  awaits  elucidation  of  the  X-ray  crystal  structures  of 
VEGFR-1-  or  NRP-1 -CPQPRPLC  peptide  complexes.  Although 
one  can  not  as  yet  assert  that  BRASIL  will  be  well  suited  for  any 
cell-selection  application,  our  data  show  that  vascular  targets13 
can  clearly  be  found  in  EC  membranes. 

We  also  compared  BRASIL  and  conventional  cell-panning 
methods  side-by-side  to  test  the  specific  binding  of  the  recently 
identified  p2  integrin-antagonist  peptide  CPCFLLGCC  contain¬ 
ing  the  motif  Leu-Leu-Gly  (ref.  14).  BRASIL  was  again  consis¬ 
tently  and  reproducibly  superior  when  selection  was  performed 
on  p2  integrin-expressing  cells  (unpublished  observations).  We 
are  adapting  the  method  for  use  with  phage  displaying  larger 
polypeptides  or  folded  proteins  such  as  enzymes  or  antibodies 
(|AU:  Provide  intitials.],  unpublished  data). 

Importantly.  BRASIL  is  also  of  value  for  targeting  and  isolating 
ligand-receptor  pairs  in  cell  populations  derived  from  clinical 
samples.  The  method  may  be  used  in  tandem  with  fine-needle 
aspirates  of  solid  tumors  or  fluorescence-activated  cell  sorting  of 
leukemic  cells  obtained  from  patients.  Moreover,  because  multi¬ 
ple  samples  and  several  rounds  of  pre-clearing  and  selection  can 
be  performed  in  a  few  hours  with  minimal  loss,  automation  for 
high-throughput  screening,  and  clinical  applications  are  likely 
to  follow. 
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Two  features  make  the  prostate  and  its 
tumors  unusual.  First,  the  prostate 
gland  continues  to  grow  throughout 
adult  life,  even  doubling  in  size 
between  the  second  and  fourth  dec¬ 
ades.1  As  a  result,  benign  prostate 
hypertrophy  affects  most  aging  men  to 
some  degree.  Second,  and  much  more 
serious,  cancer  of  the  prostate  is  the 
most  frequent  malignant  tumor  and 
second  leading  cause  of  cancer-related 
deaths  among  men  in  the  United 
States  and  Europe.2  While  one  out  of 
every  11  men  will  develop  prostate 
cancer  during  their  lifetime,  many 
tumors  remain  clinically  quiescent. 
Without  entirely  reliable  ways  of  pre¬ 
dicting  which  tumors  will  progress, 
many  prostate  cancer  patients  are 
treated  aggressively  with  radical  pros¬ 
tatectomy  or  radiation  therapy  on  the 
chance  of  cure,  but  often  at  the  price 
of  devastating  treatment  side-effects 
such  as  urinary  incontinence  and  sex¬ 
ual  impotence.  Thus,  there  is  a  clear 
need  for  markers  of  cellular  growth 
potential  as  new  diagnostic  and  thera¬ 
peutic  targets  in  prostate  cancer. 

In  1971,  Knudson  postulated  that 
tumors  arise  from  as  few  as  two  stoch¬ 
astic  events;3  this  empirically  based 
hypothesis — known  as  the  'two-hit' 
model — has  been  supported  by  using 
molecular  genetic  approaches.  A  major 
tool  for  these  studies  has  been  the 
determination  of  loss  of  heterozygos¬ 
ity  (LOH)  in  tumors,  which  is  a  refined 
version  of  cytogenetic  analysis  that 
can  sensitively  detect  genetic  alter¬ 
ations  and  infer  subtle  chromosomal 
mechanisms.  The  method  can  be  used 
in  sporadic  tumor  types  because 
shared  regions  of  LOH  are  likely  to 
reflect  potential  sites  for  tumor  sup¬ 
pressor  genes  and  common  mech¬ 


anisms  for  tumorigenesis.  It  is  now 
widely  accepted  that  human  tumors 
originate  and  undergo  malignant  pro¬ 
gression  through  a  multi-step  process 
in  which  growth-advantageous  genetic 
events  accumulate.2  4-6  Inactivation  of 
tumor  suppressor  genes  is  a  critical 
step  in  the  development  of  human 
cancer.  Gene  inactivation  is  frequently 
accompanied  by  the  loss  of  the  chro¬ 
mosome  or  chromosomal  region  in 
which  the  tumor  suppressor  resides. 
This  hypothesis  was  developed  by 
using  retinoblastoma  as  a  model7  and 
has  subsequently  been  tested  in  a  large 
variety  of  tumors,  perhaps  most  rigor¬ 
ously  in  human  colorectal  cancer5  and 
malignant  gliomas.6 

In  prostate  cancer,  the  series  of  gen¬ 
etic  events  underlying  tumorigenesis  is 
still  poorly  defined  but  inactivation  of 
multiple  tumor  suppressor  genes 
appears  to  be  a  common  genetic  alter¬ 
ation.  Inactivation  of  tumor  sup¬ 
pressor  gene  pathways  such  as  p53, 
PTEN,  and  CDKN2-RB,  as  well  as  inac¬ 
tivation  of  metastasis  suppressor  genes 
such  as  KAI-1  and  E-cadherin  have  all 
been  the  subject  of  scrutiny  in  the 
molecular  progression  of  the  disease.8-13 
Perhaps  more  important,  a  myriad 
of  deletions  and  LOH  sites  in  chromo¬ 
somes  1,  2,  4-11,  13,  and  16-18  have 
been  described  in  prostate  cancer1114 
suggesting  the  possibility  of  as  yet 
unidentified  tumor  suppressor  gene 
loci.  In  particular,  various  allelic  losses 
of  chromosome  10  loci  have  been 
identified  in  over  70%  of  prostate  can¬ 
cers.15  Multiple  regions  of  LOH  on 
chromosome  10  have  been  implicated 
in  prostate  cancer  including  lOpll, 
10q25  (the  locus  of  the  candidate 
tumor  suppressor  gene  MXI-1),  10q23 
(the  locus  of  the  PTEN  tumor  sup¬ 


pressor  gene),  and  10q21.  While  chro¬ 
mosome  10q21  losses  are  frequently 
observed  in  prostate  cancer  and  many 
other  tumors,  the  chromosomal  region 
harbors  several  potential  growth  sup¬ 
pressors,  so  it  has  been  difficult  to  pin¬ 
point  the  actual  target  gene  of  the 
LOH. 

The  annexins  (formerly  known  as 
calcimedins,  calelectrins,  calpactins, 
calphobindins,  endonexins,  lipocort- 
ins,  synexins)  are  a  complex  family  of 
proteins  implicated  in  a  number  of 
cellular  processes  involving  calcium 
signaling.  The  structural  hallmark  of 
the  annexins  is  a  conserved  34-kDa  C- 
terminal  domain  generally  comprised 
of  four  conserved  repeats  of  70  resi¬ 
dues  each.  Such  repeats  contain  cal¬ 
cium-  and  phospholipid-binding  sites. 
All  of  them  hold  the  area  known  as  the 
'endonexin  fold'  with  the  identifying 
motif  GXGTDE.  In  contrast  to  its  hom¬ 
ologous  protein  core,  the  N-terminus 
of  annexins  is  diverse  in  sequence  and 
length  and  appears  to  be  responsible 
for  the  specificity  of  each  family  mem¬ 
ber.16  Several  annexins  have  been 
implicated  in  the  pathogenesis  of 
benign  and  malignant  neoplasms  of 
different  origins.17  Annexin  7  (ANX7) 
is  the  most  evolutionary  conserved 
member  of  this  gene  family  and  it  is 
located  on  human  chromosome  10  in 
the  q21  region.18  ANX7  encodes  a  cal¬ 
cium-activated  GTPase,  which  is  a  pro¬ 
tein  that  fuses  membranes  in  a  cal¬ 
cium-dependent  manner  and  localizes 
to  secretory  vesicles  and  plasma  mem¬ 
branes.19 

Established  genetic  models  provide 
interesting  clues  to  the  biological  func¬ 
tion  of  the  human  ANX7  gene.  The 
organism  Dictyostelium  discoideum  can 
be  used  for  selection  and  testing  of 
growth  suppressor  genes.  Studies  of 
the  homologue  anx7  gene  mutants  in 
this  experimental  system  suggest  that 
a  relative  decrease  in  the  anx7  product 
favors  growth  and  proliferation  at  the 
expense  of  calcium-dependent  differ¬ 
entiation  functions.20  Candidate 
tumor  suppressor  genes  in  mammalian 
development  and  tumorigenesis  may 
also  be  studied  by  genetic  knockouts 
in  mice;  indeed,  elimination  of  the 
anx7  gene  by  homologous  recombi- 
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nation  results  in  embryonic  lethality 
while  heterozygous  mice  display 
defects  in  calcium  signaling  and  insu¬ 
lin  secretion  in  pancreatic  islet  cells, 
but  no  tumors.21  Later,  in  as  yet 
unpublished  work  (Srivastava  et  al,  Dis 
Markers  2001;  in  press),  various  devel¬ 
opmental  defects  and  tumors  were 
noted  as  the  heterozygous  mice  aged. 

The  genetic  criteria  for  tumor  sup¬ 
pressor  genes  include  inactivation  by 
mechanisms  such  as  homozygous 
chromosomal  deletions,  LOH  with 
mutations  in  the  remaining  allele22  or 
epigenetic  inactivation  by  promoter 
methylation  and  transcriptional 
silencing.23  Additional  evidence  can 
be  provided  by  functional  studies 
showing  cell  growth  suppression  in 
vitro  and  in  vivo. 

In  a  notable  recent  study,  Srivastava 
et  al  tested  whether  ANX7  might 
be  the  gene  targeted  by  10q21 
deletions.24  Using  tissue  microarray 
technology,  they  showed  tumor  stage- 
specific  losses  in  the  expression  of 
ANX7  in  over  300  prostate  cancer 
specimens.  Also,  to  specifically  address 
the  hypothesis  that  ANX7  is  a  growth 
suppressor  gene  in  human  prostate 
cancer  cells,  the  authors  transfected 
full-length  ANX7  cDNA  into  cultured 
prostate  cancer  cells.  Satisfyingly,  this 
led  to  a  dose-dependent  growth  sup¬ 
pression  of  the  cells.  Taken  together, 
these  structural  and  functional  data 
provide  strong  support  for  the  candi¬ 
dacy  of  the  ANX7  gene  as  a  growth 
suppressor  in  prostate  cancer. 

A  few  points  still  remain  to  be 
addressed  to  definitively  establish  this 
role  for  ANX7:  First,  the  ANX7  gene 
was  transfected  into  cell  lines  whose 
endogenous  ANX7  gene  status  was  not 
described.  Are  the  endogenous  alleles 
absent  or  present?  If  present,  are  the 
endogenous  ANX7  genes  defective  or 
functional?  Each  of  these  possibilities 
would  have  an  impact  on  the 
interpretation  of  the  present  experi¬ 
ments.  In  addition,  while  the  growth 
inhibition  displayed  dose-dependence 
for  the  amount  of  DNA  transfected, 
the  amounts  of  ANX7  proteins 
expressed  need  to  be  determined  as 
well  to  show  that  an  alternate  expla¬ 
nation  for  the  results  (for  example, 
toxicity)  is  unlikely. 


Second,  the  LOH  studies  implicating 
ANX7  use  microsatellite  markers  'on 
10q21  at  or  near  the  ANX7  locus';24 
however,  it  is  unclear  how  close  they 
really  are.  The  four  markers  used  in 
this  study  span  an  approximately  6.3- 
Mb  distance  and  are  spaced  at  approxi¬ 
mately  2-Mb  intervals  (from  the  G3 
map  of  Human  Genome  Center  at 
Stanford  University;  http://www- 
shgc.stanford.edu/).  Chromosomal 
regions  of  this  size  may  contain  several 
genes.  While  one  marker  that  shows 
homozygous  loss  appears  to  be  the 
marker  closest  to  ANX7,  the  authors 
speculate  that  ANX7  is  homozygously 
deleted.  Because  the  physical  proxim¬ 
ity  of  this  locus  to  ANX7  appears  not 
to  be  known,  it  is  possible  that  there 
is  loss  at  this  particular  marker  but  that 
ANX7  remains  heterozygous — this  can 
be  easily  tested  by  probing  a  Southern 
blot  of  DNA  from  the  tumor  with 
ANX7  cDNA.  This  reservation  assumes 
importance  since  at  least  one  of  the 
examples  of  LOH  presented  appears  to 
fall  outside  the  critical  chromosome 
region  corresponding  to  the  ANX7 
locus.24  In  the  absence  of  a  detailed 
physical  mapping,  the  possibility 
remains  that  the  actual  target  may  be 
another  gene  located  near  to  the  ANX7 
locus  such  as  SFT  (Stimulator  of  Fe 
Transport)  gene,  PPP3CA  (calcineurin 
A  alpha),  or  TCF6  (mitocondrial  tran¬ 
scription  factor  A). 

Third,  the  sequence  of  the  remain¬ 
ing  ANX7  allele  in  the  tumors  showing 
LOH  at  chromosome  10q21  has  not 
been  reported.  If  an  intragenic 
mutation  was  identified  that  had  a 
predicted  (eg  a  nonsense  or  frame-shift 
mutation)  or  functional  (eg  caused 
alleviation  of  ANX7  growth-suppress¬ 
ive  abilities)  consequence,  this  would 
provide  powerful  evidence  in  support 
of  the  candidacy  of  ANX7  as  a  tumor 
suppressor. 

The  ANX7  gene  appears  to  be  an 
attractive  candidate  tumor  suppressor 
gene  in  prostate  cancer  and,  perhaps, 
other  tumors.  If  it  survives  the  rigor¬ 
ous  testing  required  to  move  from  a 
candidate  to  bona  fide  status,  the 
manuscript  by  Srivastava  et  al  will  be 
considered  a  landmark  study  in  the 
genetic  basis  for  this  important  tumor. 
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